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ABSTRACT
The main challenge of pressure-driven membrane operations is fouling, which
refers to materials build-up on a membrane surface that increases the mass-transfer
resistance of the membrane and, ultimately, the operating cost associated with higherpressure operation and chemical cleaning. One way to combat fouling is the physical
modification of a membrane surface by adding patterns of structural features that disrupt
foulant deposition. My dissertation research goal was to develop the basic science needed
to design new fouling-resistant membranes by understanding what factors most influence
how foulants interact with patterned membrane surfaces.
After introducing the basic methods used for membrane modification, Chapter 1
aims to provide an overview of important characterization methods that I have used to
quantify membrane fouling. These methods were applied throughout my dissertation
research to assess the effectiveness of the surface modification strategies that I explored.
Chapter 2 reports findings from a systematic study to understand the roles of
colloidal chemistry and membrane surface properties on membrane fouling using
constant flux filtration. Commercial polyamide nanofiltration membranes were modified
with a line-and-groove pattern using nanoimprint lithography. Threshold flux
measurements were made for as-received and patterned membranes by the flux-stepping
measurement method using solutions of silica nanoparticles with different surface
chemistry as model foulants. A combined intermediate pore blocking and cake filtration
model was applied to the experimental data to determine threshold flux values. Model fits
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were in excellent agreement with experimental data, indicating that it is an effective tool
for determining threshold flux with a sparse data set. Patterned membranes generally
exhibited 20–25% higher threshold flux than as-received membranes. Differences in
Coulombic interactions and hydrophilicity between the foulants and membrane surface
influenced fouling rates. Nevertheless, patterning influenced the threshold flux more
significantly than differences in the surface chemistry of foulant particles.
Chapter 3 identifies the effect of different pattern geometries on fouling behavior.
Nanoscale line-and-groove patterns with different feature sizes were applied by thermal
embossing on commercial nanofiltration membranes. Threshold flux values of asreceived, pressed, and patterned membranes were determined using constant flux, crossflow filtration experiments. The earlier derived combined intermediate pore blocking and
cake filtration model was applied to the experimental data to determine threshold flux
values. The threshold fluxes of all patterned membranes were higher than the as-received
and pressed membranes. The pattern fraction ratio (PFR), defined as the quotient of line
width and groove width, was used to analyze the relationship between threshold flux and
pattern geometry quantitatively. Experimental work combined with computational fluid
dynamics simulations performed by my collaborators showed that increasing the PFR
leads to higher threshold flux. As the PFR increases, the percentage of vortex-forming
area within the pattern grooves increases, and vortex-induced shielding increases. This
study suggests that the PFR should be higher than 1 to produce patterned membranes
with maximal threshold flux values. Knowledge generated in this part of my study can be
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applied to other feature types to design patterned membranes for improved control over
colloidal fouling.
Chapter 4 evaluates the effectiveness of a microscale herringbone pattern for
reducing protein fouling on polyvinylidene fluoride (PVDF) ultrafiltration membranes
using a combination of flux decline measurements and visualization experiments.
Thermal embossing with woven mesh stamps was used for the first time to pattern
membranes. Embossing process parameters were studied to identify conditions
replicating the mesh patterns with high fidelity and to determine their effect on
membrane permeability. Permeability increased or remained constant by patterning at
low pressure (≤4.4 MPa) as a result of increased effective surface area; whereas,
permeability decreased at higher pressures due to surface pore-sealing of the membrane
active layer upon compression. Flux decline measurements with dilute protein solutions
showed monotonic decreases over time, with lower rates for patterned membranes than
as-received membranes. These data were analyzed by the Hermia model to follow the
transient nature of fouling. Confocal laser scanning microscopy (CLSM) provided
complementary, quantitative, spatiotemporal information about protein deposition on asreceived and patterned membrane surfaces. CLSM provided a greater level of detail for
the early (pre-monolayer) stage of fouling than could be deduced from flux decline
measurements. Images show that the protein immediately started to accumulate rapidly
on the membranes, likely due to favorable hydrophobic interactions between the PVDF
and protein, followed by decreasing fouling rates with time as protein accumulated on the
membrane surface. Knowledge generated in this part of my study can be used to design
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membranes that inhibit fouling or otherwise direct foulants to deposit selectively in
regions that minimize loss of flux.
Chapter 5 evaluates the effectiveness of different microscale herringbone patterns
for reducing protein fouling on ultrafiltration membranes. Patterns with different
geometries were introduced to membrane surfaces by embossing with different woven
mesh fabrics. Having found earlier that CLSM can provide a greater level of detail for the
early (pre-monolayer) stage of fouling, I used CLSM in situ to investigate the protein
fouling profiles on as-received and patterned membranes. By staining the proteins and
membranes with different fluorescent probes, this technique allowed the spatiotemporal
imaging of protein accumulation at early-stages of fouling. CLSM images were
compared with filtration data to uncover insights on the fouling mechanisms early to late
stages of fouling and revealed the effect of pattern geometry on protein fouling.
Extending the approach to other patterns and multicomponent solutions is expected to
inform surface modification strategies used for the control of protein fouling.
Chapter 6 provides concluding remarks and recommendations.
Overall, my research generated new knowledge on the roles played by patterning
and foulant chemistry on membrane performance. One important practical discovery that
I made is that woven mesh fabrics can be used as inexpensive and widely available
stamps, which may benefit commercial application of roll-to-roll patterning.
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CHAPTER ONE
INTRODUCTION

According to its report on 28 July 2010, through Resolution 64/292, the United
Nations General Assembly explicitly declared that clean drinking water and sanitation are
essential human rights to the full enjoyment of life. However, many people lack access to
clean water. Also, an increase in water usage will raise the volume of wastewater that
should be treated sufficiently to meet environmental regulations. For providing clean
water and treating wastewater, the first desalination plants were developed in the 1950s.
Today, there are several desalination technologies (Figure 1.1); however, adequate access
to low-cost, energy-efficient methods for advanced water treatment, without further
stressing the environment, requires redesigning and evaluating new technologies.
Membrane filtration is among the techniques that have been emphasized. It is the
process through which a solid component is separated from a fluid stream primarily
based on differences in size between particles, either suspended or dissolved, and the
bulk fluid. In a membrane filtration process, feed solution is brought into contact with the
membrane perpendicular to its surface (direct flow) or parallel to its surface (cross flow),
and fluid passes through (permeates) the membrane by pressure-driven flow. Species are
rejected by size-exclusion and, in some cases, by charge interactions. There are four types
of pressure-driven membrane processes: microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), and reverse osmosis (RO) (Figure 1.2). Not considered here are
processes based on osmotic pressure-driven flow. Membrane-based separation
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technologies are at the forefront of water purification because of numerous advantages
such as continuous operation unlike adsorptive processes, a combination of outstanding
selectivity and productivity, and no need for energy-intensive phase exchange unlike
evaporation and crystallization processes [1]. However, membrane technology still
suffers from some drawbacks, and membrane fouling arguably is the most important
problem that influences membrane performance [2,3].
Membrane fouling can occur by accumulation of a variety of materials, such as
colloidal particles, suspended solids, macromolecules such as proteins and
polysaccharides, natural organic matters, and organic and inorganic salts on the
membrane surface or within its pores.
Thermal
process
Evaporation
Mechanical
Process
Membrane
Desalination
Technologies

Filtration
ElectroDialysis
Freezing
Crystallization
Hydration

Figure 1.1. Desalination technologies classification
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Figure.1.2. Classification of membranes for water treatment

While fouling is a significant challenge for using membranes in water purification, there
are several methods to combat it.

1.1.

Anti-fouling strategies

A common strategy to recover loss of permeability due to fouling is to clean the
membrane. However, after some number of cleaning cycles, the cleaning is not efficient
or the membrane begins to degrade, and the membrane should be replaced. More than
50% of operation cost is spent on this process[4]. In addition to cleaning and other
operations like backwashing, membrane surface modification has been explored widely
for mitigating membrane surface fouling. Figure 1.3 shows the general classification of
membrane surface modification processes. Coating the membrane surface with
antifouling chemistry has been one of strategies to combat fouling[5,6]. Physical
modification is another method to reduce fouling on the membrane surface, and has been
inspired by nature. Some marine life surfaces remain clean despite the wide variety of
foulants in the marine environment; for example, shark skin provides a unique example
of how nature uses surface micropatterning to limit fouling[7]. Mimicking nature

19

provides a unique approach to develop non-toxic, antifouling systems[8]. Of particular
relevance to my work, membranes have been modified with patterns based on shark
skin[9], mussel shells[10,11], and sea stars[12] topographies in nano- and microscale
dimensions; all of these pattern geometries can improve the antifouling performance of
membranes.

Coating
Chemical
Modification

Grafting

Blending
Membrane
Surface
Modification

Solution Casting
Duringfabrication
Patterning

Phaseseparation
3D printing

Physical
Modification

Post-fabrication
Patterning

Thermal
embossing
Ink-jet printing

Figure 1.3. Classification membrane surface modification

Membrane patterning can be applied during membrane fabrication and postfabrication. Patterning during membrane fabrication can be done by casting the dope
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solution into a master mold[13], by casting the active layer of a composite membrane
onto a patterned support[14], or by using 3D printing technology to fabricate patterned
membranes[15]. Post-fabrication patterning can be accomplished by thermal embossing
[16] or using 3D printing technology to print the patterns onto a membrane surface[15].
Membrane surface patterning may be considered a more ecofriendly method than
chemical modification. In addition to mitigating fouling by increasing the wall shearstress at the membrane surface[16], it also can improve membrane productivity by
increasing the surface area available for water permeation [17]. A number of research
groups have begun to explore surface patterning to improve membrane performance
properties. However, a fundamental understanding of the effect of patterning on
membrane performance currently is underdeveloped. Most critically, improved
understanding is needed on the relationship between pattern geometries and fouling of
membranes by the many potential fouling agents present in wastewaters and seawater.
Developing this understanding will require effective methods to characterize fouling on
patterned membranes.
Thus, the primary aim of this chapter is to lay out the basics for several methods
that can be used to characterize patterned membranes to help guide the membrane society
in producing fouling-resistance membranes. It is my belief that improving our
understanding on the relationships among membrane fabrication-membrane morphologymembrane performance and the effect of these relationships on fouling can lead us to
develop more effective fouling-resistance membranes. What follows is an overview of
methods that I used in my work to characterize patterned membranes.
21

1.2.

Techniques for Patterned Membrane Characterization

Membrane characterization is an essential task for designing novel patterned membranes.
When combined with appropriate fouling experiments, it provides insights into the role of
membrane surface patterning on fouling. Different approaches and techniques are used to
characterize the properties of the patterned membrane.
1.2.1. Membrane Performance
1.2.1.1.Flux decline
Measuring flux decline is the most widely used membrane performance characterization
method. Operation conditions, membrane characteristics, and feed solution properties are
the three main factors that influence the flux decline of membranes[18]. Patterning
membranes can influence the membrane surface properties, including roughness[19].
Weinman and Husson[20] showed that patterning introduced ordered “roughness” to the
membrane surface that helped to mitigate alginate fouling. Elimelech et al. [21] studied
the role of membrane surface morphology in colloidal fouling, and their results showed
that membrane surface roughness influences the attachment rate of foulant to the
membrane surface. By decreasing the surface roughness, less foulant can be attached to
the membrane surface. Therefore, the fouling rate decreases and delays the flux decline.
The flux decline experimental data can be analyzed using fouling models to understand
the fouling mechanisms. Hermia developed a model [22] for dead-end processes
(Figure1.4)[23] that describes four fouling mechanisms: standard pore-blocking, where
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pore-blocking occurs only inside the pores and causes a reduction in pore size; complete
pore-blocking, where foulant species deposit as one layer (not on top of each other) on
the membrane surface and block the pores; intermediate pore-blocking, which is similar
to complete pore-blocking but with the foulant species also depositing on top of each
other; and cake filtration, where multiple layers of foulant cover the membrane surface.
Wang and Tarabara [24] suggest the use of the pore-blocking mechanism for all
membrane types at early stages of dead-end filtration processes. However, fouling can
transition from one mechanism to another during filtration or occur through a
combination of these four mechanisms; therefore, several combined models were
developed to analyze the flux decline data based on the Hermia model. Ho and
Zydney[25] developed a combined model to analyze filtrate flux data over the entire
filtration process by combining the pore-blockage and cake filtration mechanisms.

Figure 1.4. Fouling mechanisms based on Hermia model: (a) Standard pore blocking, (b) Complete
pore blocking, (c) Intermediate pore blocking, (d) Cake filtration.

Despite the importance of the original Hermia model, most industrial filtration processes
use crossflow filtration; therefore, Field et al.[26] developed a model based on the
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Hermia model for crossflow filtration process. Many additional models have been
proposed to analyze flux decline[27–31].
1.2.1.2.Threshold Flux
While useful for many laboratory studies, flux decline experiments and models do not
apply to most industrial water purification plants because they typically perform at
constant flux[32]. Therefore, Field and Pearce[33] defined the threshold flux as the flux
“at or below which a low and nearly constant rate of fouling occurs but above which the
rate of fouling increases markedly”. Threshold flux is thus another measure that can
provide information to understand the roles played by patterning on membrane fouling.
There are few studies using threshold flux as a metric for membrane performance. To the
best of my knowledge, our recent studies[16,17] are the only investigations using
threshold flux as a characterization method for patterned membranes. Kirschner et al.[23]
developed a combined model based on the Hermia model to calculate threshold flux for
ultrafiltration membranes, and we adopted that model to calculate threshold flux for
patterned nanofiltration membranes.
1.2.1.3.Fouling visualization
Flux characterization can be combined with fouling visualization to evaluate the
effectiveness of patterning. For fouling visualization, different microscopy methods can
be used, such as scanning electron microscopy (SEM) and confocal laser scanning
microscopy (CLSM).
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SEM works similarly to an optical microscope[34], but instead of light, a narrow
beam of electrons scans across the membrane surface[35]. Choi et al.[36] investigated the
factors affecting particle fouling on reverse-pyramid patterned membranes during
microfiltration. SEM was used to study how crossflow rate or particle size influenced
fouling of patterned membranes[37,38]. Elsherbiny et al.[39] used SEM to study silica
micro- and nanoparticle deposition on patterned membranes at the early stages of fouling
during dead-end filtration.
CLSM is a noninvasive imaging method that captures images with higher contrast
and better lateral and axial resolutions than conventional light microscopies, and enables
depth scanning without physical sectioning[40]. CLSM can obtain 3D images by stacking
2D images captured at different focal depths[41]. Compared to electron microscopy,
CLSM can image larger sample areas but provides lower resolution. Unlike EM, CLSM
can distinguish different foulants easily by labeling them with different fluorophores.
Finally, CLSM can be used for evaluating wet samples and in situ for monitoring
transient fouling behavior. Marroquin et al. [42] provide a rather comprehensive
overview on the use of CLSM for membrane characterization, including the
characterization of membrane fouling.
Won et al. [43] patterned membranes using soft-lithography and combined flux
decline measurements with fouling visualization using CLSM to compare membrane
performance with that of a non-patterned membrane in a submerged MBR. The
membrane and foulant were stained with different fluorescent dyes. Therefore, the exact
location of foulant deposition on the membranes could be tracked. Lee et al. [11]
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combined fouling visualization of flat and patterned membranes using CLSM with
simulation studies to explain the local flow characteristics around the membrane surface.
Choi et al. [9,44] fabricated an RO membrane with Sharklet® patterns using a layered
interfacial polymerization method, and the antifouling mechanism of the Sharkletpatterned membrane was elucidated by flux decline measurements and simulations.
CLSM was used to study biofilm growth on membrane surfaces under static conditions.
The degree of fouling was calculated by measuring the biofilm density on membrane
surfaces using CLSM imaging.
Real-time imaging is possible by CLSM. Huang et al. [45] developed a new highpressure optical membrane module for in-situ observation of bacterial deposition onto
RO membranes. Yoo et al. [46] adopted this in-situ observation method to visualize the
colloidal fouling on Sharklet-patterned membranes.
1.2.1.4. Computational fluid dynamics simulation
Computational fluid dynamics (CFD) is an important tool to study membrane fouling by
modelling of flow, particle deposition and concentration polarization in membrane
systems [47,48]. A computational fluid dynamics (CFD) study by Zhou et al. [49]
showed that pattern roughness correlated with boundary layer thickness; thus, the patterns
with higher roughness caused a lower mass transfer of solute away from the surface.
Their result showed that an ideal flat membrane with no roughness could decrease the
fouling rate. Beside membrane surface properties, patterning can influence
hydrodynamics nearby the membrane surface. Won et al. [50] studied prism-patterned
membrane surface hydrodynamics using CFD modeling, and the velocity profile inside of
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the flow channels showed that a vortex was formed in the valley region, which increases
the opportunity for particles to return to the bulk cross-flow stream. Therefore, less
fouling occurs.
1.2.2. Surface Morphology
The membrane performance is affected by its surface structure, and a slight change in
membrane surface properties can change membrane performance greatly [35]. Applying
patterns on a membrane surface intentionally changes morphology. Therefore,
morphology characterization is essential for patterned membrane development. Several
analytical imaging techniques can be used to characterize membrane surface morphology.
1.2.2.1.Scanning electron microscopy
SEM is a common technique to visualize pattern geometry and structure [51,52]. Crosssectional SEM provides additional information about the pattern size and, in the case of
post-fabrication patterning, the effect of patterning on the membrane structure. Zhao et al.
[53] synthesized patterned membranes using a modified phase inversion method for
microalgae harvesting and used cross-sectional SEM to characterize the membrane
asymmetric structure. SEM imaging showed that the active layer was thicker in the
valleys than at the apex. Ilyas et al.[54] prepared micro-patterned membranes via sprayed
non-solvent-induced phase separation. SEM was used for dimensional analysis and also
for surface porosity visualization. Lyu et al.[55] developed a surface-patterned alumina
ceramic membrane using a novel 3D-printing technology. SEM was used to characterize
the surface and cross-section of patterned membranes. The thicknesses of the different
membrane layers and the quality of the sintering process (as determined by degree of
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crack formation) were found from analysis of the SEM images. Fan et al.[51] synthesized
patterned membranes using lithographically templated, thermally induced phase
separation. SEM was used to study the effect of polymer concentration and cooling
temperature on the formation of surface defects. Choi et al.[9] synthesized membranes by
a novel layered interfacial polymerization method. SEM was used to calculate pattern
fidelity, study the porosity, and visualize the cross-sectional sponge-like internal pore
structure of the support layer. While SEM is a valuable tool for patterned membrane
structure characterization, it has limitations such as special sample preparation and low
resolution for pore size measurements at the nanometer scale[34].
1.2.2.2. Atomic force microscopy
Atomic force microscopy (AFM) is a high-resolution technique for surface examination.
AFM can provide 3D images of membrane surface roughness and is a suitable method for
nanoscale pattern visualization. In most studies, AFM has been used to quantify
membrane surface roughness and nanopattern features sizes[17,20,56–58]. Besides highresolution, AFM has the advantage of easy sample preparation. However, AFM analysis
takes time and only relatively small sample areas can be analyzed[34].
1.2.2.3.Laser measuring microscopy
Motivated by the need to image larger areas, Weinman and Husson[20] used laser
measuring microscopy (LEXT) to take images of patterned membrane surfaces. The
ability to stitch images together is an advantage of LEXT; it allows the production of
images with high resolution compared to a single image of the same size. They compared
the nanopattern feature depths from AFM and LEXT, and demonstrated that they gave
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similar results. LEXT was used in my research to study the patterning of ultrafiltration
membranes by thermal embossing using woven mesh fabrics. Figure 1.5 summarizes the
techniques used to characterize patterned membranes, including benefits and limitations.

1.3.

Dissertation Structure

My dissertation research goal was to develop the basic science needed to design new
fouling-resistant membranes by understanding what factors most influence how foulants
interact with patterned membrane surfaces. My research findings are presented and
discussed in Chapters 2-5. Chapter 2 reports findings from a systematic study to
understand the roles of colloidal chemistry and patterned membrane surface properties on
nanoparticle membrane fouling using constant flux filtration. Chapter 3 identifies the
effect of different pattern geometries on the fouling behavior of nanofiltration
membranes. Chapter 4 evaluates the effectiveness of a microscale herringbone pattern for
reducing protein fouling on polyvinylidene fluoride ultrafiltration membranes using a
combination of flux decline measurements and visualization experiments. Chapter 5
evaluates the effectiveness of different microscale herringbone patterns for reducing
protein fouling on ultrafiltration membranes. Chapter 6 discusses the conclusions and
recommendations for future work.

29

Figure 1.5. Summary of patterned membrane characterization techniques
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CHAPTER TWO

UNDERSTANDING THE ROLES OF PATTERNING AND FOULANT CHEMISTRY ON
NANOFILTRATION THRESHOLD FLUX
[As published in the Journal of Membrane Science 597 (2020): 117746 with minor
revisions]

2.1.

Introduction

Fouling is one of the main challenges for pressure-driven membrane operations such as
reverse osmosis (RO) and nanofiltration (NF). Organic, colloidal, and biofoulants accumulate on
membrane surfaces, increasing the mass-transfer resistance of the membrane[59] and, ultimately,
the operating cost associated with higher pressure operation and chemical cleaning. Colloidal
particles such as clay minerals, colloidal silica, and oxides of iron, aluminum, and manganese
ranging in size from nanometers to microns are present in many surface waters and are among
the major foulant classes in NF systems[60]. Interactions between the colloidal particles and
membrane surfaces play an important role in the fouling process[61]. The rate of NF and RO
membrane fouling also can be influenced by colloidal feed solution chemistry[62]. Gaining a
better understanding of the roles played by membrane and foulant chemistry on the fouling
potential is vital to the development of improved fouling-resistant NF membranes, and is the
topic of this article.
A variety of approaches are used to decrease the rate of colloidal fouling on membrane surfaces.
Some are based on pretreatment of the feed and adjustments to operating conditions, while others
are based on membrane innovations. Among the latter are methods of membrane surface
modification [3,63–66] that may be classified as chemical or physical modifications[67].
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Chemical modifications typically are directed at making the membrane surface more hydrophilic
[67,68] or making the membrane surface less favorable for foulant attachment[69]. Physical
modification of membrane surfaces with a specific, ordered pattern attempts to mitigate the
fouling [58,70] by increasing the wall shear-stress on top of the surface pattern[71]. One wellstudied design is the nature-inspired SharkletTM, a microscale pattern that mimics the topology of
shark skin to reduce marine biofouling of surfaces [72]. Other microscale structures such as line
and groove[73,74] and pyramid structures[75] have been applied on membrane surfaces to
decrease the fouling. Nanoscale line and groove patterns also have been applied on membrane
surfaces to reduce fouling [10,58,67,71]. Of particular importance to the current study, Weinman
and Husson[69] successfully applied direct thermal embossing of a submicron pattern onto
polyamide thin-film composite membranes, which is an important step forward for patterning
commercial RO and NF membranes. Hutfles et al.[76] applied submicron line and groove
patterns onto ultrafiltration membranes using roll-to-roll processing with flexible pattern molds
at room temperature. The roll-to-roll processing is an important step towards commercial
production.
Evaluation of membrane fouling in lab-scale studies commonly is done by monitoring permeate
flux decline over time using a constant transmembrane pressure (TMP) driving force [21,59,77–
79]. In this method, the hydrodynamic environment and concentration of foulant at the
membrane surface change as the membrane fouls, which complicates the assessment of fouling
behavior. Constant flux experiments avoid this complication. Moreover, most industrial
membrane-based water treatment systems operate at constant permeate flux [68]. Constant flux
measurements were employed in the current study to determine threshold flux values. Field and
Pearce [33] introduced threshold flux, and first defined it as the flux “at or below which a low
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and nearly constant rate of fouling occurs but above which the rate of fouling increases
markedly”. Recently, Kirschner et al. [23] redefined threshold flux as “the flux below which
cake buildup is negligible and above which cake filtration becomes the dominant fouling
mechanism.” We espouse this new definition of threshold flux in the present study. Determining
threshold flux is important for membrane-based water treatment plants because operating just
below it balances high permeate flux with a low rate of fouling. Operating in a low-fouling
regime decreases operation costs by improving energy efficiency and decreasing the frequency
of cleaning. Despite the value in determining threshold flux for industrial membrane operations,
there are surprisingly few investigations on the roles played by membrane surface modifications
(chemical and physical) on the threshold/critical flux [68,80].
The objective of this study was to improve colloidal fouling resistance of NF membranes by
better understanding the roles played by patterning and foulant chemistry on threshold flux. To
attain the objective, nanofiltration was performed using suspensions of silica nanoparticles
(SiNPs) with four different surface chemistries and commercial thin-film composite membranes.
Threshold flux values were measured for as-received membranes and membranes modified with
a nanoscale line and groove pattern. A combined intermediate pore blocking and cake filtration
model was applied to the experimental data to assist with the determination of threshold flux
values. To the authors’ knowledge, this study is the first to report the combined influence of
physical membrane surface modification and foulant surface chemistry on threshold flux.

2.2.

Theoretical Background

Threshold flux often is determined in one of two ways: (1) using constant-pressure filtration and
plotting the rate of permeability decline versus initial flux, which is used in most laboratory
studies[81–83]; and (2) using constant permeate flux filtration and plotting the rate of
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transmembrane pressure (TMP) increase versus flux[32], which is more representative of
industrial water purification systems. The constant flux method simplifies membrane fouling
studies because the hydrodynamic environment near the membrane surface remains relatively
unaltered, and the observed fouling behavior is attributable mainly to interactions between the
foulant and membrane surface[84] or foulant material (cake layer) that has accumulated on the
membrane surface at later stages of fouling.
Whereas concentration polarization (CP) and cake layer formation are the two mechanisms
commonly used for describing fouling of NF membranes[61,85], CP does not strictly apply to
the current study because dissolved species are not present in the feed suspension. Instead, we
applied the combined model developed by Kirschner et al. [23] that describes fouling by both
intermediate pore blocking and cake filtration. Intermediate pore blocking assumes that fouling
is a surface phenomenon whereby foulant can deposit either onto unobstructed surface regions or
on top of a deposited foulant particle. We are not alone in proposing the suitability of the
intermediate pore blocking mechanism for early stage fouling of NF membranes by colloidal
deposition. Wang and Tarabara[24] also found that colloidal fouling during earlier stages of
filtration of NF and RO membranes is best described by the intermediate pore blocking
mechanism. The combined model considers intermediate pore blocking as the dominate
mechanism during early stage of fouling, whereby the time-dependent transmembrane pressure
(TMPt ) is defined by Equation (2-1) [23]:
TMPt =

TMP0

1
1
� + �1−
Ki
Ki

(2-1)

� exp(−Ki Bt)�

TMP0 is initial transmembrane pressure [N/m2], Ki is the intermediate pore blocking constant for
crossflow filtration, and B is particle resuspension rate [s-1]. Over time, cake filtration become
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the dominate mechanism and the time-dependent transmembrane pressure (TMPt) for the
combined model is defined [23]:
𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡 =

𝑇𝑇𝑇𝑇𝑇𝑇0 (1+ 𝐾𝐾𝑐𝑐 𝐽𝐽𝐽𝐽)
1
1
� + �1− � 𝑒𝑒𝑒𝑒𝑒𝑒(−𝐾𝐾𝑖𝑖 𝐵𝐵𝐵𝐵)�
𝐾𝐾𝑖𝑖
𝐾𝐾𝑖𝑖

(2-2)

Kc is the cake filtration constant for crossflow filtration [m−1]. Sharp increases in Kc as a function
of flux can be used to observe the transition from intermediate pore blocking to cake filtration,
which is defined to be the threshold flux.

2.3.

Experimental
2.3.1. Materials

Ammonium hydroxide solution (ACS grade, 28.0-30.0% NH3 basis), ethyl alcohol (anhydrous,
200 proof), N,N-dimethylformamide (DMF, 99.8%), succinic anhydride (99%), and tetraethyl
orthosilicate (TEOS, 99.99%) were used as received from MilliporeSigma (St. Louis, MO). N(2-aminoethyl)-3-aminopropyltrimethoxysilane (AAPS, 98%) and N-(3triethoxysilylpropyl)gluconamide) (Glu-Si(OEt)3, 30% in ethanol) were used as received from
Gelest, Inc. (Morrisville, PA). Polyamide thin-film NF membrane sheets (GE HL series) were
purchased from Sterlitech Corp. (Kent, WA). The silicon line and groove stamps were purchased
from LightSmyth Technologies, Inc. (Eugene, OR). Solutions were made with deionized (DI)
water from a Milli-Q water purification system (EMD Millipore, Burlington, MA).
2.3.2. Preparation of monodisperse silica nanoparticles
Monodisperse SiNP were prepared using the Stöber–Fink–Bohn method [86] by adding TEOS
dropwise to a solution comprising ethanol (25 mL), ammonium hydroxide solution (5 mL) and
DI water (1 mL) in a 50 ml Erlenmeyer flask under vigorous stirring (~600 rpm with a
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cylindrical 3 mm diameter magnetic stir bar). The reaction mixture was stirred further (~350
rpm) at room temperature overnight and then sonicated (B3500A-MTH sonication bath, VWR,
Radnor, PA) for 30 min. The mixture was centrifuged (Sorvall Legend XTR centrifuge, Thermo
Scientific, Waltham, MA) at 5000 rpm for 30 min, the liquid was decanted, and nanoparticles
were washed three times by re-dispersing in ethanol and repeating centrifugation. The
nanoparticles were dried under vacuum at 100°C for 1 h.
2.3.3. Surface modification of silica nanoparticles
SiNPs were functionalized by silane coupling agents. Figure 2.1 shows the four types of SiNPs
that were used as model foulants. For functionalization by amine-based silane (AAPS) and
sugar-based silane (Glu-Si(OEt)3), the SiNPs (1 g) were dispersed in ethanol (20 mL) under
sonication for 1 h in a sealed flask. Ten milliliters of silane solution (50% v/v in ethanol) was
added to the flask, and the solution was stirred at room temperature overnight at 350 rpm. The
particles were separated by centrifugation (5000 rpm, 30 min) and washed three times with
ethanol as described earlier.
Carboxylic acid-functionalized SiNPs were prepared based on the method by An et al. [87]. One
gram of amine-functionalized SiNPs was dispersed in DMF (20 mL) under sonication for 1 h.
This dispersion was added dropwise to 20 mL of 0.1 M succinic anhydride in DMF while the
solution was stirred at 350 rpm. The solution was stirred further at 350 rpm overnight in a sealed
vessel. The functionalized nanoparticles were recovered by centrifugation and purified by three
cycles of dispersion-centrifugation in DMF and dried at room temperature.
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Figure 2.1. Schematic of (a) pure, (b) amine-functionalized, (c) sugar-functionalized, and (d) acid-functionalized
SiNPs used as model foulants in threshold flux measurement experiments.

2.3.4. Characterization of silica nanoparticles
Dynamic light scattering (DLS, Dawn Heleos-II, Wyatt Technology, Santa Barbara, CA) was
used to determine the hydrodynamic diameter (Dh) of SiNPs before and after functionalization.
Suspensions of SiNPs (10 mg/L) were prepared using DI water. The light scattering analyses
were performed every 3 s over the course of 5 min for each sample to determine values with
uncertainties representing one standard deviation. Three replicates of each suspension were used
to measure an average Dh.
The surface potential of the SiNPs in DI water was determined from zeta potential measurements
using a Zetasizer NanoZS (Malvern, Worcs, UK).
Thermal gravimetric analysis (TGA) was used to determine surface coverage of the functional
groups on the SiNPs. Approximately 15-20 mg of sample was heated from 30 to 900°C at
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20°C/min, held at 900°C for 20 min, and cooled to 35°C at 20°C/min. All measurements were
performed using a TA Instruments SDT-Q600 (New Castle, DE).
2.3.5.

Membrane patterning

Membrane coupons (1.50 cm × 4.25 cm) were cut from purchased membrane sheets. A silicon
line and groove stamp with a 606 nm period, a 190 nm groove depth, and a 303 nm line width
was used to pattern the membranes in a Carver, Inc. press (AutoFour/1512H model, Wabash,
IN). The press plates were closed at 25% pump speed until the force was 6670 N, which was
found to be effective for patterning the membrane at 60°C for 20 min without damaging the
silicon stamps. Figure 2.2 illustrates the patterning process and shows representative images of
the surface morphology for as-received and patterned membranes. Further details are provided
elsewhere[69].

Figure 2.2. (Left) Illustration of the method used to pattern nanofiltration membrane surfaces. (Right) AFM
images of the (top) as-received and (bottom) patterned membranes. The common scale is 20 µm × 20 µm × 400 nm.
The average groove depth of patterned membrane
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2.3.6. Membrane characterization techniques
The membrane surface morphology was observed by non-contact tapping mode atomic force
microscopy (AFM) with silicon cantilever probe tips (MikroMasch, Inc., HQ:NSC16/AL BS,
Watsonville, CA) using a Bioscope AFM (Bruker, Inc., Billerica, MA) and a NanoScope IIIa
controller equipped with Nanoscope version 5.32R1 software. Images were taken with a 256 ×
256 pixel resolution over 20 µm × 20 µm areas at a scan rate of 0.5Hz.
Membrane zeta potential was measured using a SurPASS electrokinetic analyzer (Anton-Paar
GmbH, Graz, Austria). Two dry membrane coupons with the active layer facing each other were
mounted on a SurPASS adjustable-gap cell. The cell was mounted on the electrokinetic analyzer
and the hydraulic system and the gap was washed with DI water for 1 min. The system was
washed with 0.1 M potassium chloride and measurements started at pH 3. pH was increased by
adding 0.1 mL of 0.1M sodium hydroxide solution to a final pH of 9.
2.3.7.

Filtration measurements

The data required to determine threshold flux values were collected by a custom filtration system
designed to operate with constant permeate flux in recycle mode to avoid changes in
concentration of the feed solution. Figure 2.3 shows the system instrumentation diagram. The
feed solution temperature was maintained at 23 ± 1°C using a refrigerated recirculating chiller
(MM7, Polyscience). Precision water flow meters (32908-42 and 32908-47 Cole Parmer
Instrument Co., Vernon Hills, IL) were used to record the volumetric flow rates of the feed and
permeate streams. Feed flow rate was used to calculate the cross-flow velocity by knowing the
cross-sectional area of the membrane cell (0.153 cm2). Permeate flow rate and the membrane
area of 6.37 cm2 were used to calculate the permeate flux. Pressure transducers (PX309-300G5V,
Omega Engineering Inc., Stamford, CT) were used to monitor the pressure on the feed and
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retentate sides of the membrane cell. A differential pressure transducer (PX409-300DWU5V,
Omega Engineering Inc., Stamford, CT) monitored the transmembrane pressure difference.
Feed solutions were prepared with concentrations of 200 ppm SiNPs by dispersing SiNPs in DI
water and sonicating for 1 h immediately before the filtration experiments. In all experiments,
the crossflow velocity was held constant at 0.25 m/s. Prior to introduction of feed solution, the
system was operated with DI water for 15 min to pre-condition the membrane. Constant-flux
filtration started with the lowest flux value of 50 ± 5 L m-2 h-1, and TMP was adjusted to
maintain this flux for a period of 10 min. Thereafter, flux was increased to a higher value by
adjusting the TMP, and the process was repeated. The range of TMP applied was from 3.4 to
17.2 bar. For patterned membranes, the flow angle was perpendicular to the patterns, which has
been shown to reduce the rate of fouling relative to other orientations[67,88].

Figure 2.3. Apparatus for threshold flux measurements. The system is designed to make constant-flux
measurements. System components: Feed tank (1), Chiller unit (2), 3-way valve (3), Feed micropump (4), Feed
volumetric flow meter (5), Feed pressure transducer (6) Differential pressure transducer (7), Membrane cell (8),
Retentate pressure transducer (9), Screw-down needle valve (10), Electrical valve control (11), Permeate mass flow
meter (12), Drain (13), Connector blocks(14 and 15), Analog output PCI device (16), Analog input PCI device (17),
Computer with LabView operating software (18).
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2.4.

Results and Discussion
2.4.1. Physicochemical properties of SiNP model foulants

Table 1 summarizes the hydrodynamic size and charge properties of the various SiNPs
determined by DLS and zeta potential measurements. DLS measurements indicate that the
average Dh increased with modification; however, size differences are not statistically different
at one standard deviation. As highlighted by Maruf et al. [32] for particles of this size, Brownian
diffusion is negligible, allowing interrogation of membrane-particle surface interactions
(chemistry) and shear-induced diffusion (topography) of particles.

Table 2. 1. Properties of silica nanoparticles with different functional groups.

SiNP

Hydrodyna

Zeta

TGA

Surface

mic

potenti

mass

Chemistr

diameter, Dh

al

loss

y

(nm)

(mV)

(%)

58 ± 10

-40 ± 4

1.6

Amine

70 ± 20

15 ± 5

9.6

Sugar

64 ± 10

-2 ± 5

21.8

66 ± 10

-63 ± 3

20.0

Pure
SiO2

Carboxyl
ic acid
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Thermogravimetric analysis (Figure 2.4) before and after modification further support the
modification of silica nanoparticles. TGA data were used to estimate graft densities for each
surface modifier. The surface density of hydroxyl groups after surface activation of SiNPs
ranges from 4.2 to 5.7 OH groups per nm2[89]. The mean value of 5 OH groups per nm was used
for making estimations. The synthesized SiNPs have a surface area of about 28 m2/g; therefore,
the molar amount of silanol groups is estimated to be 0.93 mmol/g. The specific molar amount of
bound AAPS silane is 0.36 mmol/g; thus, approximately 40% of silanol groups were
functionalized by AAPS. A similar calculation for Glu-Si(OEt)3 indicates that 68% of silanol
groups were functionalized by the sugar-containing silane. The carboxyl functional groups were
introduced on the particle surface by a ring-opening of the amine-modified particles with
succinic anhydride. The specific molar amount of carboxyl functional groups is 0.42 mmol/g;
thus approximately 89% of amine functional groups were reacted.
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Figure 2.4. Thermogravimetric analyses of silica nanoparticles with different chemistries.

42

2.4.2. Threshold flux measurements
Threshold flux values were determined using constant flux cross-flow filtration experiments.
Functionalized silica particles with an average diameter slightly smaller than the pattern
dimensions were selected for these measurements to better observe hydrodynamic effects of
patterning on particle deposition. As discussed by Jang et al. [90], particles with a size
comparable to or smaller than the pattern size are able to access regions between pattern features,
where shear stresses differ from the top position of patterns. The use of smaller particles also
reduces forces such as the shear induced inertial force and lateral migration, which have a strong
size-dependency and are only important for relatively large particles[91].
For determination of threshold flux, a model developed by Kirschner et al. [92] and described in
Section 2 was used to fit d(TMP)/dt versus permeate flux data in regions of low and high rates of
fouling. Experimental results were interpreted with the model to explain the physical phenomena
occurring during the transition from low to high-fouling regions. Model fitting was done as
described elsewhere[23] using Matlab R2016a software.
Figure 2.5 shows comparisons of the raw data and model fits for flux stepping experiments with
as-received and patterned membranes using suspensions of acid-functionalized SiNPs. Figure A1 shows the model fits for other SiNPs. The slope d(TMP)/dt is near zero for low flux values and
increases with increasing flux. Below threshold flux, intermediate pore blocking is sufficient to
describe the data. Approaching and above threshold flux, the combined intermediate blockingcake filtration model is required for an accurate fit.
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Figure 2.5. Model fits for TMP and permeate flux profiles during the constant flux-stepping experiment for
acid-functionalized SiNPs using (a) as-received and (b) patterned membranes.

Based on Eq. (2-1) for intermediate pore blocking, constant Ki is given as the quotient of
TMPt→∞ to TMP0. Ki was determined to have a value of 1 using data at the lowest flux value of
50 ± 5 L m-2 h-1, where cake formation is absent. Kc values were determined from fitting data to
the combined model with Ki equal to 1. Taking the derivative with time of Eq. (2-2) at long
times (t→∞) yields Eq. (2-3), from which Kc values were obtained from model fits to the data
collected by constant flux experiments with as-received and patterned membranes.
d(TMP)
dt

(2-3)

= TMP0 K i K c J

For determination of threshold flux, Figure 2.6 shows fitted values of Kc versus flux that help to
observe the transition from intermediate pore blocking to cake filtration (i.e., threshold flux). The
transition to cake filtration is best characterized by the observed sharp rise in Kc. Furthermore,
using the sharp rise in Kc to define the transition provides a standardized (rather than subjective)
approach to defining threshold flux. Sharp increases occur at the threshold flux of 150 LMH for
as-received membranes and 210 LMH for patterned membranes.
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Figure 2.6. Dependence of the cake filtration constant on flux for acid-functionalized SiNPs using (a) asreceived membrane and (b) patterned membrane.

2.4.3. Influence of patterning on threshold flux
It is well recognized that the fouling rate and corresponding threshold flux can be affected by
membrane properties, hydrodynamics at the membrane-solution interface and the feed
solution/foulant characteristics[62]. Here we describe the influence of surface patterning on
threshold flux by comparing the threshold flux of as-received and patterned membranes for
solutions of SiNPs with different chemistries. To isolate the role played by surface patterning, we
used a constant cross flow velocity and constant feed concentration for each SiNP type.
Figure 2.7 shows threshold flux determined by the method described above for all four SiNPs
suspensions. In all cases, calculated threshold flux for as-received membranes was lower than
values using patterned membranes, consistent with previous studies demonstrating that
patterning improves the anti-fouling properties of membranes [3,65,66]. We theorize that the
higher threshold flux values for patterned membranes are due in part to selective cake layer
deposition within the pattern grooves until they become filled with particles. This selective
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deposition delays the onset of complete cake layer formation over the entire membrane surface.
We currently have limited experimental data to support this working hypothesis. Figure A-4 in
Supporting Information shows AFM images that reveal the short-term fouling behavior of a
patterned membrane below and above the threshold flux during filtration. Below threshold flux,
particles appear to align along the pattern grooves in a way that is consistent with selective
deposition. In recent work, ElSherbiny et al. [39] proposed a mechanism for spatially selective
deposition of silica particles on micro-patterned membranes during unstirred dead-end filtration.
First, due to higher “local flux” and lower shear stress in the pattern valleys, particles accumulate
selectively in the valleys at the onset of fouling. Next, particles on the surface act as seeds for
deposition of more particles in a process coined artificial epitaxy. In the end, more particles are
deposited in the pattern valleys compared to the pattern apexes. Although we used crossflow
filtration in the current study, this proposed mechanism for selective deposition may still apply
as it is based on selective deposition caused by regions of low shear. It our case, these low shear
regions occur within the pattern grooves.
Patterning also affected the rate of pressure increase well above threshold flux. For example, for
acid-functionalized SiNPs at a constant flux value of 270 LMH, TMP increased sharply at a rate
of 0.4 bar/min for as-received membrane compared to only 0.2 bar/min for a patterned
membrane. These findings agree with the results of Weinman and Husson [12], who observed
that patterning of the same membrane improved anti-biofouling properties, and those of Maruf et
al. [40], who observed decreased fouling for protein filtration by nanopatterned UF membranes.
Patterning changed the physical properties of the membrane surfaces by introducing an ordered
roughness that is lower than that of as-received thin-film composite polyamide membranes based
on the trimesoyl chloride-m-phenylene diamine chemistry [69]. The effects of surface roughness
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on colloidal attachment to membrane surfaces have been studied in detail [21,76,93–95]. Our
findings agree with general trends that show reducing roughness can improve the fouling
resistance. While patterning is not as effective at reducing surface roughness as pressing with a
smooth stamp, Weinman and Husson [69] showed that the ordered nature of this roughness
appears to have the added benefit of disrupting the hydrodynamic boundary layer during flow
over the membrane, leading to improved fouling control. The result of patterning in the current
study is that fouling rates decreased and, correspondingly, threshold flux values increased by
about 20-25% for patterned membranes compared to as-received membranes for all SiNP types.

Threshold Flux (LMH)

250

Pristine
Patterned

200
150
100
50
0
Pure

Amine
Terminated

Sugar
Terminated

Acid
Terminated

Figure 2.7. Threshold flux of as-received and patterned membranes for various SiNP feed solutions (pure
SiO2, amine-, sugar-, and acid-functionalized). Error bars represent 95% confidence.
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2.4.4. Influence of particle chemistry on threshold flux
To study the effect of particle chemistry on threshold flux in this study, the membrane properties;
operating conditions such as pH and cross-flow velocity; and the shape, size, and concentration
of nanoparticles were held constant. The interaction between colloidal nanoparticles and a
membrane surface can be described by the DLVO theory for colloid stability, which states that
the net interaction is the sum of the van der Waals and electrostatic interaction forces [62]. The
membrane surface was charged negatively at pH 7.0 (Figure A-5 in Appendix A), which was the
pH for all measurements. Figure 2.7 shows that average threshold flux values for both the asreceived and patterned membranes were similar for pure and acid-functionalized SiNPs, which
also are charged negatively at pH 7. The average threshold flux was lower for aminefunctionalized SiNPs, which are charged positively at pH 7, likely due to Coulombic attraction
between particles and the membrane. A secondary cause for lower threshold flux of aminefunctionalized SiNPs may be aggregation. Table 1 shows that the mean hydrodynamic diameter
of amine-functionalized SiNPs particles were slightly larger than other SiNP types in DI water.
Stability studies showed that the amine-functionalized particles are not as stable as the other
functionalized SiNPs and some aggregation occurs over time. (See Table S1 in Supporting
Information). At pH 7, amine-functionalized particles are positively charged; however, based on
the zeta potential value, the overall charge is low and the particles tend to aggregate because van
der Waals attraction overcomes weak electrostatic repulsion. This result agrees with Bagwe et al.
[95], who showed that the low zeta potential value for amine-functionalized particles are due to
back bonding of amine groups to surface silanol groups. The net result of favorable particlemembrane interactions and particle aggregation for amine-functionalized SiNPs is a decrease in
threshold flux relative to solutions containing other particle types. Threshold flux was highest for
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the sugar-functionalized SiNPs despite having neutral charge. The lower rate of fouling by sugarfunctionalized particles like is attributable to their hydrophilic, well-hydrated nature that limits
interaction with the more hydrophobic membrane polymer [96].

2.5.

Conclusions

The roles of patterning and foulant surface chemistry on membrane fouling were studied by
threshold flux measurements. Firstly, experimental studies showed that patterning increased the
threshold flux by 20-25% for all foulant types. Secondly, foulant chemistry appears to affect the
threshold flux, as evidenced by findings that differences in Coulombic interactions and
hydrophilicity between the foulants and the membrane surface impacted fouling rates and
changed the threshold flux. Compared to the minor impact of foulant chemistry, physical
patterning influenced the threshold flux more significantly. Findings from this study support the
idea that physical surface modification can increase the fouling resistance of membranes and
increase threshold flux, allowing water-treatment plants to capitalize more fully on the pressure
driving force and decrease the frequency of cleaning cycles.
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CHAPTER THREE

UNDERSTANDING THE ROLE OF PATTERN GEOMETRY ON NANOFILTRATION
THRESHOLD FLUX
[As published in the Membranes 10.12 (2020): 445 with minor revisions]

3.1.

Introduction

Colloidal fouling is an impediment to pressure-driven membrane operations. For
nanofiltration (NF) membranes, fouling can occur by accumulation of particles such as colloidal
silica, iron, aluminum, manganese oxides, and calcium carbonate precipitates on the membrane
surface[97]. This foulant layer introduces an additional hydraulic resistance that reduces water
permeability[62]. There have been systematic studies on reverse osmosis (RO) and NF colloidal
fouling that examined the physical and chemical aspects of particle-membrane interactions and the
application of antifouling functional groups on membranes surfaces[60,94,98–100]. Chemical
modification is the most common method to decrease fouling[101–104]. While somewhat
effective for this purpose, chemical modification can negatively impact other membrane
performance metrics such as flux and selectivity[9].
Physical modification of membrane surfaces attempts to mitigate the fouling by decreasing
the random roughness[21,98]. Introduction of ordered geometric or biomimetic patterns on
membrane surfaces decreases fouling by influencing the hydrodynamics at the solid-liquid
interface[19,43,71,72,75]. Different research groups have investigated different pattern shapes and
sizes. Lee et al.[105] and Won et al.[50] both designed microscale prism patterns. Jang et al.[90]
studied both nanometer-and micrometer-scale patterns achieved through nanoimprint lithography.
Zhou et al.[106] investigated several line-and-groove patterns, rectangular and circular pillars, and
pyramids within the nanometer- to micrometer-scale range. Ling et al.[107] studied micro-scale
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pillars on RO membranes. Irregular shapes such as sharkskin mimetic patterns also have been
investigated for improving biofouling resistance[44].
Recently, we demonstrated that the introduction of a nano-scale line and groove pattern on
NF membranes could increase their threshold flux by 20-30% during filtration of colloidal
suspensions[16]. Using atomic force microscopy of particle-fouled membranes, we observed
below threshold flux that particles aligned along the pattern grooves in a way that appears to be
consistent with the mechanism of selective deposition proposed by ElSherbiny et al.[39].
According to this mechanism, particles accumulate selectively in the pattern valleys due to lower
shear stress. In our case, these low shear regions occur within the pattern grooves, which delays
cake layer formation and leads to higher values of threshold flux. Based on that work, we theorized
that the pattern geometry would affect the threshold flux by altering the shear stress profiles at the
interface, as we have seen in computational simulation work[106].
Computational simulations contribute to the analysis of transport phenomena adjacent to
membrane surfaces, as the details of fluid flow within a membrane device can be difficult to
measure experimentally. In the simulations, the Navier-Stokes, continuity, and convectiondiffusion equations are fully coupled to describe fluid flow and mass transfer within a membrane
channel[108,109]. Several research groups, ours included, have conducted computational fluid
dynamics (CFD) simulations on patterned membranes, trying to understand their mechanisms for
fouling control. One hypothesis is that increased turbulence at the apex of the pattern surface could
lead to reduced deposition of foulants[43,50]. Others have posited that higher shear stress at the
apex region efficiently reduces the attachment of the particles, keeping them away from the fouling
region[36,105,107].
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In this study, we investigated the influence of pattern geometry on threshold flux. We formed
nanoscale line and groove patterns with different spacing dimensions on NF membranes through
thermal embossing. Threshold flux was determined by applying a combined intermediate pore
blocking and cake filtration model to the experimental data, as described previously[16,92]. CFD
simulations were performed to analyze the velocity streamlines and shear stress profiles adjacent
to the patterned membrane surfaces.

3.2.

Materials and Methods
3.2.1. Materials

Ammonium hydroxide solution (ACS grade, 28.0-30.0% NH3 basis), ethyl alcohol
(anhydrous, 200 proof), N,N-dimethylformamide (DMF, 99.8%), succinic anhydride (99%), and
tetraethyl orthosilicate (TEOS, 99.99%) were purchased from MilliporeSigma (St. Louis, MO,
USA) and used as received. Polyamide thin-film NF membrane sheets (GE HL) were purchased
from Sterlitech Corp. (Kent, WA, USA). The silicon line and groove stamps were purchased from
Digi-Key Electronics (Thief River Falls, MN, USA). Deionized (DI) water was used to prepare
the solutions.
3.2.2. Membrane patterning
Membranes were patterned using thermal embossing. Membrane coupons (1.50 cm × 4.25
cm) were cut from membrane sheets. Silicon stamps with different feature sizes (Table 1) were
used to pattern the membranes in a Carver press (model 3851-0, Wabash, IN, USA). The
temperature of the hot press plates was set to 65°C. A stamp was placed on top of the membrane
with its polyamide selective layer facing upward, and the sample was sandwiched between two
pieces of thermally conductive silicone rubber to distribute the force evenly across the membrane.
The press plates were closed until the set pressure was reached. Embossing was done for 15 min
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with an applied pressure 3.55 MPa. For “pressed” membranes, the same procedure was applied
using a flat silicon wafer in place of a pattern stamp.

Table 3.1. Cross-sectional image and dimensions of the line and groove pattern for each stamp.

ID

Pattern

Pattern Geometry

P27

P31

P50

P60

3.2.3. Membrane surface geometry characterization
Non-contact tapping-mode atomic force microscopy (AFM) was employed to observe the
membrane surface morphology. Images were taken over 25 µm × 25 µm areas at a scan rate of
0.5Hz using a Bioscope AFM (Bruker, Inc., Billerica, MA) with silicon cantilever probe tips
(MikroMasch, Inc., HQ:NSC16/AL BS, Watsonville, CA).

3.2.4. Filtration experiments
Feed solutions for all experiments were prepared by dispersing 200 mg/L silica nanoparticles
(SiNPs) in DI water. Monodisperse SiNP with particle size of 70 ± 30 nm were prepared using the
Stöber–Fink–Bohn method described elsewhere[16]. Briefly, a solution comprising ethanol (25
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mL), ammonium hydroxide solution (5 mL), and DI water (1 mL) was stirred vigorously while 10
mL of TEOS was added dropwise to the solution. The mixture solution was stirred overnight at
room temperature, sonicated and centrifuged to separate nanoparticles from solution. SiNP were
dried under vacuum (0.06 bar) at 100°C for 1 h.
Data collection for threshold flux determination was done using a custom filtration system
designed to operate with constant permeate flux in recycle mode to avoid changes in concentration
of the feed solution. The filtration system details were described elsewhere[16]. Crossflow velocity
was held constant at 0.25 m s-1, and membrane samples were tested with the flow perpendicular to
the patterns to reduce the rate of fouling relative to other orientations[67]. All experiments were
conducted at 23 ± 1°C. Prior to the filtration experiments, the feed solution was sonicated for 1 h,
and membranes were preconditioned by operating the system with DI water for 15 min. Threshold
flux values were measured for all six membrane types using the flux-stepping method. A starting
permeate flux of 55 ± 5 L m-2 h-1 (LMH) was established, and transmembrane pressure (TMP) was
adjusted to maintain constant flux for 10 min. Flux was increased stepwise in 20 LMH increments
by adjusting the TMP. For each flux step, TMP again was adjusted to maintain constant flux for
10 min. TMP values ranged from 2.2 to 17.2 bar over the course of operation.
Constant-pressure flux decline experiments were conducted for all membrane types using an
initial permeate flux of 140 ± 2 LMH, which was below the threshold flux for all samples. TMP
was adjusted to have the same starting permeate flux for all samples. Cross-flow velocity was held
constant at 0.25 m s-1, and the flow direction was perpendicular to the surface patterns. Flux data
were collected every minute for patterned, pressed, and as-received membranes. Each filtration
measurement was repeated three times.
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3.2.5. Computational fluid dynamics simulations
Multiple membrane models with line-and-groove surface patterns were built for analysis.
Details of the developed model were explained elsewhere[106]. Table 2 summarizes the parameters
of the four geometries (four stamps) that were studied. The velocity and pressure values are
consistent with the experimental settings. The models were run on COMSOL Multiphysics 5.3.

Table 3. 2. Parameters of the geometries.

Pattern ID
P27
P31
P50
P60

Pattern depth, h
(nm)

Groove size, d
(nm)

60
60
60
60

400
440
300
200

Line size, l
(nm)
150
200
300
300

Cycle length,
W=l+d
(nm)
550
640
600
500

Eq. (3.1) and (3.2) are governing equations. Eq. (3.1) is the Navier-Stokes equation that is used
to describe the motion of the fluid, and Eq. (3.2) is the continuity equation. Details of the modeling
conditions were described elsewhere[106].
𝜌𝜌(∇ ∙u)u = -∇P + µ∇ ∙ (∇𝐮𝐮 + ∇uT),
∇ ∙u = 0,

3.3.

(3.1)
(3.22)

Results and discussion
3.3.1. Membrane patterning

Table 3.1 shows the cross-sectional image and dimensions of each silicon stamp. Patterns
consist of line and groove features with different spacing, from 150 to 300 nm for lines and 200
to 400 nm for grooves. The sample codes denote the percentage of the projected line surface area
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to total projected surface area of stamps. Pattern height was not considered as an independent
parameter in this study due to the low thickness of the polyamide active layer. Precautions were
made to avoid fracturing of the NF membrane active layer during patterning. The embossing
pressure was set at 3.55 MPa to keep the local strain, defined by the height-to-pitch of the
pattern, below the cracking strain of nanoscale crosslinked polyamide films (14.04 ±
4.12%[110]), as Weinman and Husson[69] have suggested.
Figure 3.1 presents representative AFM images of all six membrane types. The groove depths
and peak-to-peak distance for patterned membranes were determined by NanoScope Analysis 1.5
software and summarized along with local strain values in Table 3.3. While the average groove
depth was limited to about 60 nm to avoid cracking of the active layer, the measured peak-topeak distances are close to the stamp feature sizes, demonstrating successful replication of the
stamp patterns on the membrane surfaces.
Colloidal fouling is a surface phenomenon that is affected by physical and chemical properties of
the membrane surface[9] and hydrodynamics at the membrane-solution interface[16]. All
membranes in this study had the same chemical properties, and cross flow velocity and SiNP
type and concentration were held constant. Thus, differences in fouling behavior can be
attributed to differences in membrane surface morphologies due to patterning.
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Figure 3.1. Representative AFM images of the six membrane types. (a) As-received membrane, (b) pressed
membrane, (c) P27, (d) P31, (e) P50, (f) P60. The scales are 25 μm × 25 μm × 600 nm for images (a) and (b) and
20 μm × 20 μm × 600 nm for images (c)-(f).

Table 3.3. Feature sizes on patterned membranes measured by AFM.
Pattern ID

Averaged pattern depth

Averaged peak-to-peak distance

Local strain

(nm)

(nm)

(%)

P27

58 ± 6

530 ± 20

10.1 ± 3.2

P31

60 ± 8

600 ± 30

10.3 ± 5.6

P50

66 ± 7

680 ± 70

10.9 ± 5.4

P60

65 ± 6

510 ± 20

10.8 ± 6.2
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3.3.2.

Threshold flux measurements

To assess the effect of different pattern geometries on fouling behavior, threshold flux values of
as-received, pressed, and four types of patterned membranes were determined using constant flux
cross-flow filtration experiments. We selected threshold flux as the test metric because of its
importance to industrial practice. Operating just below threshold flux offers the possibility of
achieving a continuous high flux while consuming less energy and decreasing the frequency of
membrane cleaning[111]. A previously derived combined intermediate pore blocking and cake
filtration model[92] was applied to the experimental data to determine threshold flux values
quantitatively and in a systematized way. The time-dependent transmembrane pressure (TMPt)
for the combined model is defined by Eq (3.3)[92]:

𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡 =

𝑇𝑇𝑇𝑇𝑇𝑇0 (1+ 𝐾𝐾𝑐𝑐 𝐽𝐽𝐽𝐽)
1
1
� + �1− � 𝑒𝑒𝑒𝑒𝑒𝑒(−𝐾𝐾𝑖𝑖 𝐵𝐵𝐵𝐵)�
𝐾𝐾𝑖𝑖
𝐾𝐾𝑖𝑖

,

(3.3)

TMP0 is initial transmembrane pressure [N/m2], Kc is the cake filtration constant for crossflow
filtration [m−1], Ki is the intermediate pore blocking constant for crossflow filtration, and B is
particle resuspension rate [s-1]. At the early stage of fouling, where the cake formation
mechanism is absent, data can be fitted to the combined model with Ki equal to 1, and Kc values
can be calculated. Details on this procedure are described elsewhere[16]. Figure 3.2 shows fitted
values of Kc versus flux. The sharp rise in Kc shows the transition from intermediate pore
blocking to cake filtration, which we use to define threshold flux. Figure 3.3 summarizes the
threshold flux results, which depend strongly on the membrane surface structure. The threshold
flux of all patterned membranes is higher than the as-received and pressed membranes.

58

Figure 3.2. Dependence of the cake filtration constant on flux for (a) as-received, (b) pressed, (c) P27, (d)
P31, (e) P50, and (f) P60 membranes.

For patterned membranes, more fouling is observed when there is a low fraction of projected line
surface area. Pressed membranes had higher threshold flux than as-received membranes. This
result agrees with previous studies that showed how decreasing the nano-scale surface roughness
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of a membrane by pressing the membrane can decrease fouling[97,112]. The effectiveness of the
“ordered roughness” on patterned membranes for increasing threshold flux could be related to
increased membrane surface area and different hydrodynamic properties at the membranesolution interface[39,69]. Patterning increases the overall surface area of the membrane. Since
flux is calculated based on projected membrane area, increasing the overall area leads to higher
flux values. It is known that the groove region of patterned membranes is more disposed to
fouling as a result of unequal feed flow distribution[39], lower shear stress in groove regions
compared to line regions[46], and lower hydrodynamic drag force compared to attractive
interactions between foulant and membrane[113]. Therefore, more severe fouling may be
expected for membranes with higher fractions of groove surface area, which agrees with the
experimental results of this study; threshold flux increased in the following order: as-received ˂
pressed ˂ P27 ˂ P31 ˂ P50 ˂ P60. To analyze the relationship between threshold flux and pattern
geometry quantitatively, we defined a pattern fraction ratio (PFR) as the quotient of line width
(b) and groove width (a).
𝑏𝑏

𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑎𝑎,

(3.4)

Figure 3.4 shows that there is a linear correlation between threshold flux and PFR, with the
exception of P60 at the highest PFR value.
To better understand the basis for this result, CFD simulations were carried out to analyze shear
stresses and local flow behavior close to the membrane surfaces. Figure 3.5 shows the shear
stress profiles of patterned membranes. Figures on the left show the 2D profiles on and near the
membrane surface including part of the channel, and those on the right show the 3D profiles of
the shear stress distribution on the membrane surface for all geometries.
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Figure 3.3. Threshold flux of as-received, pressed and patterned membranes. Error bars represent 95%
confidence.

Higher shear stresses develop on the peaks and lower shear stresses are found in the valleys.
Values decrease along the length of the channel. Simulations indicate that the P60 pattern has the
highest average shear stress (0.46 Pa), while the P27 pattern has the lowest average shear stress
(0.28 Pa). This finding agrees with the experimental results that show threshold flux is highest
for P60 and lowest for P27 among patterned membranes; however, the differences in shear stress
are not large. Therefore, streamline profiles for all pattern geometries were studied. Figure 3.6
shows streamline profiles of flat and patterned membranes. Vortices developed in all valley
regions near the patterned membrane surfaces. Vortex formation separates bulk flow from flow
inside the grooves, and the chance for particle transfer from grooves to bulk flow decreases,
leading to increased fouling. Choi et al.[9] referred to this phenomenon as vortex-induced
shielding. In addition, the velocity is lower inside the grooves than in the rest of the channel,
which contributes to the enhanced fouling inside of grooves. Vortex formation was more
complicated for the P27, P31, P50 patterns, as shown in Figure 3.5. Two small vortices
developed, which may explain the higher rate of colloidal fouling. The area percentage of the
vortex-forming region was calculated as Choi et al.[44] suggested. By increasing the groove
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width, the area percentage increases and therefore, the effect of vortex-induced shielding is
higher.

Figure 3.4. Relationship between threshold flux and pattern fraction ratio. Error bars represent standard deviation
among three threshold flux measurements.

Figure 3.5. Shear stress profile along the membrane: (a-d) 2D ((a) P27, (b) P31, (c) P50 and (d) P60); (e-h) 3D ((e)
P27, (f) P31, (g) P50 and (h) P60). Red color indicates a higher shear stress and blue indicates a lower shear stress.
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CFD simulation results explained the cause for the increasing trend of threshold flux with PFR.
As PFR increases, the percentage of vortex-forming area increases, and vortex-induced shielding
increases. In Figure 3.5, bulk flow streamlines, which have highest velocity, are separated from
vortices that have lower velocity by a transitional region. A high thickness of transitional region
between bulk and vortex flow can decrease the chance of particle skipping from vortex flow to
bulk flow[20]. Therefore, fouling rate increases and threshold flux decreases. Our study suggests
that PFR should be higher than 1 to maximize threshold flux values of patterned membranes.

Figure 3.6. Streamline profiles for (a) P27, (b) P31, (c) P50, (d) P60, (e) flat membrane; and (f) percentage
of the area with vortex forming for patterned membranes. Red color indicating a higher velocity and blue
indicating a lower velocity.

Noteworthy is that the CFD simulations were carried out without the introduction of particles.
Thus, given the correlation between PFR and the percentage of vortex-forming area determined
by the particle-free CFD simulations, we expect the findings to be generalized to other particle
sizes, provided that the particles are smaller than the groove width. As discussed by Maruf et al.
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[58] the highest critical (threshold) flux is found for colloidal particles closest in size to the
groove width. Particles with diameters below and above this width can be expected to yield
lower threshold flux.
As discussed earlier, patterning increases overall membrane surface area. The surface area
increased in the following order: P60 ˂ P27 ˂ P50 ˂ P31. Our results show that there is no
correlation between the increase in threshold flux and increase in surface area. This finding
further suggests that the hydrodynamic properties at the membrane-solution interface have
greater influence on fouling than membrane surface area.
3.3.3. Flux decline measurements
Figure 3.7a shows flux versus time data collected for filtration of 200 mg/L SiNPs with all
membrane types. To allow direct comparison of results, the initial permeate flux for all
membranes was set at 140 ± 2 LMH, which is 10 LMH lower than lowest threshold flux value of
150 LMH for as-received membrane. Figure 3.7b shows that as-received membranes
experienced the largest decrease in the flux (35%) over the 2 h test run. Pressing the membrane
improved the fouling resistance due to the decrease in intrinsic membrane surface roughness, as
Weinman and Husson[69] showed. Lower surface roughness decreases the rate of colloidal
particles attachment to the membrane by providing less contact surface area between the
membrane surface and particles[21]. In all cases, patterning lessened the flux decline more than
pressing alone. Patterning changes the hydrodynamic properties at the membrane-solution
interface, as discussed above. Overall, flux decline results aligned with threshold flux
measurements. By measuring and operating below the threshold flux, less fouling occurs, and the
frequency of membrane cleaning can be decreased.

64

Figure 3.7. (a) Flux decline data for all six membrane types. (b) Average flux reduction over the 2 h test
runs for all membranes. Temperature was 22–23°C, cross-flow velocity was 0.25 m s-1, and tested
membrane area was 6.37 cm2. The initial flux was 140 ± 2 LMH for all samples. The error bars represent
standard deviation among three filtration tests.

3.4.

Conclusions

This study revealed the effect of line-and-groove pattern geometry on threshold flux for
filtration of colloidal nanoparticle suspensions through patterned nanofiltration membranes.
Experimental work combined with CFD simulations showed that increasing the pattern ratio
fraction leads to higher threshold flux, which is important for increasing volumetric productivity
of water treatment systems while maintain low rates of fouling. Modeling provided insights on the
fouling mechanism of colloidal particles on these membranes, and the transition from intermediate
pore blocking to cake filtration was used to calculate threshold flux quantitatively in a systematic
way. The results of this study can be extended to investigate the effect of pattern geometry for
other feature types such as herringbone, pyramid, and biomimetic patterns.
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CHAPTER FOUR

EVALUATING PROTEIN FOULING ON MEMBRANES PATTERNED
BY WOVEN MESH FABRICS
[As submitted to the Journal of Membrane Science with minor revisions]

4.1.

Introduction

Membrane biofouling occurs when biomass deposits on a membrane surface or within its
pores[1]. Biofouling impairs membrane performance by increasing the mass-transfer resistance
for fluid transport through the membrane, which increases operating costs[2–4]. Preventing it is
main objective of this and numerous other studies.
A number of factors play important roles in the fouling process and influence the fouling
mechanism; for proteins, these include Coulombic and other electrostatic forces and hydrophobic
interactions between protein molecules and membrane surfaces[5][6], which themselves change
as fouling progresses. Correspondingly, a number of strategies can be taken to combat membrane
biofouling. These include feed pre-treatment steps, adjustment of operating conditions (e.g.,
crossflow velocity, pH) [7], development of new membranes [8,9], and chemical or physical
modification of membrane surfaces [10–14]. Modifying membrane surfaces with ordered
patterns of micro- and nanoscale features can alter shear-stress profiles in ways that mitigate
fouling [15–17]. The effects of such microscale features as shark skin mimics[18],
pyramids[2,19] and line and groove patterns[20,21] on protein fouling have been studied, and
results show the positive influence of patterning on decreasing the rate of fouling. Realizing
these benefits through commercial adoption of patterning will depend in part on the development
of efficient, cost-effective manufacturing approaches.
Patterns can be introduced during phase inversion or post-membrane fabrication by
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embossing. Introducing patterns during phase inversion normally is done by casting onto a mold.
Upon solvent evaporation, the pattern features appear on the membrane surface[22]. This method
avoids the added complexity of post-fabrication modification; however, a number of factors
related to solution and solvent properties, wetting, and membrane-mold adhesion may cause
difficulties [22,23]. Post-fabrication embossing applies a stamp under pressure to form surface
patterns[24,25]. Replication of features with high fidelity can be achieved with proper choice of
embossing conditions [22]. Whereas patterning by micromolding is complicated, post-fabrication
thermal embossing can be straightforward using a roll-to-roll process[26]. Hutfles et al.[27]
patterned ultrafiltration membranes using a roll-to-roll process at room temperature. While
groundbreaking for its introduction of a roll-to-roll process for membrane patterning, the stamp
was produced using a nickel master mold that required specialized equipment and was expensive
to process. Thus, there is a need to develop novel patterning methods to improve
manufacturability. The important innovation from our study was the identification and
demonstration of woven mesh fabrics as inexpensive and widely available stamps that could be
used for commercial application of roll-to-roll patterning.
Understanding how patterned membranes foul is expected to inform improved designs.
Oftentimes, flux decline measurements are reported to quantify the impact of fouling on
membrane performance and fit to models that provide some insights on fouling mechanisms.
Some have used atomic force microscopy (AFM)[16], electron microscopy(EM)[28,29], and
confocal scanning laser microscopy (CLSM)[30] to observe, and sometimes quantify, foulant
accumulation. CLSM is especially useful, as it provides information about membrane
morphology and fouling over a relatively large visualization area, in the wet state, and without
artifacts introduced by sample sectioning[31]. It also is capable of distinguishing multiple foulant
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species on the surface or co-locating the foulant and surface features. Zator et al. [32] used
CLSM to characterize membrane fouling and determine cleaning efficiencies. Marroquin et al.
[33] studied internal fouling of microfiltration membranes by multicomponent foulant mixtures.
Of particular relevance to our study, Choi et al.[34] visualized fouling on micropatterned
membranes and evaluated the role played by pattern geometry on membrane biofouling. Lee et
al.[35] used CLSM to observe microbial attachment on patterned membranes. In these
pioneering studies, the patterned membranes and biofilms were stained after the filtration
process. In this study, we stained the membranes before filtration and used a different stain for
the protein foulant to locate and quantify protein deposition on the surfaces of patterned
membranes.
The aims of this study were to evaluate the efficacy of using woven mesh fabric for
patterning ultrafiltration membranes and to combine flux decline measurements and visualization
experiments to elucidate the mechanism(s) of protein fouling on the resulting microscale
herringbone patterned membranes. Polyvinylidene fluoride (PVDF) ultrafiltration membranes
were patterned by thermal embossing with polyester woven mesh for the first time. Embossing
process parameters were studied to identify conditions replicating the mesh pattern with high
fidelity. Flux decline data using dilute protein were collected and analyzed to uncover transient
fouling mechanisms on as-received and patterned membranes. CLSM provided complementary,
quantitative, spatiotemporal information about protein deposition on as-received and patterned
membrane surfaces. This study contributes knowledge that is needed to inform the design of
patterned membranes with features that better mitigate fouling. Also, demonstration of patterning
using an inexpensive, widely available stamp is innovative and may be useful for commercial
practice of membrane patterning in a roll-to-roll process.
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4.2.

Experimental
4.2.1. Materials

Polyester woven mesh with 20 μm opening size (PM-E #635 polyester cloth) was purchased
from Gilson Company, Inc. (Lewis Center, OH, USA). High-strength, high-temperature silicone
rubber sheets were purchased from McMaster-Carr (Robbinsville, NJ, USA). PVDF
ultrafiltration membranes (Synder BN; 50 kDa MWCO) and polyamide nanofiltration
membranes (GE HL) were from Sterlitech (Kent, WA, USA). Bovine serum albumin (BSA, 66.4
kDa, 9048-46-8), sodium chloride (NaCl, 7647-14-5) and ethyl alcohol (anhydrous, 200 proof)
were from MilliporeSigma (St. Louis, MO, USA). BSA-Alexa Fluor™ 647 conjugate, 5-(4,6dichlorotriazinyl) aminofluorescein (5-DTAF), phosphate buffered saline (1× PBS buffer), and
sodium carbonate powder (Na2CO3, 497-19-8) were from ThermoFisher Scientific (Waltham,
MA, USA).
4.2.2. Membrane preparation
Woven mesh fabric was used as the stamp to pattern 1.50 cm × 4.25 cm membrane
samples by thermal embossing. Figure 4.1 illustrates the patterning process using a hot press
(Carver, Inc. model 3851-0). The temperature of hot press plates was set to 25, 45, or 65°C.
Embossing was done for 10 min with an applied pressure that ranged from 2.66 to 17.23 MPa.
The membrane was placed active side up on a silicon rubber sheet to distribute the force evenly
across the sample, and the woven mesh stamp was placed on the membrane. Silicon rubber and
stainless-steel sheets were placed on top of the woven mesh, and then the press plates were
closed until the required pressure were reached.
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Figure 4.1. Experimental method for patterning membrane samples by thermal embossing.

The patterned and as-received PVDF membranes were labeled by 5-DTAF. First, the
membrane surfaces were activated by plasma treatment (model PRC-32G, Harrick PLASMA,
Ithaca, NY) for 3 min at 13.33 Pa according to Singh et al. [128]. Following Marroquin et
al.[41], the plasma-treated membranes were contacted with 15 µg/mL 5-DTAF in 100 mM
Na2CO3 solution with 100 mM NaCl at pH 9.6 at 4°C for 24 h to react 5-DTAF with surface
hydroxyl groups. Unbound dye was removed by soaking labeled membranes for 10 min in 20%
ethanol (aq) and then PBS.
4.2.3. Filtration experiments
The flux decline data were collected by a custom filtration system operated in recycle mode.
Figure B-1 in Appendix B shows the process and instrumentation diagram. Component details
and vendors are provided elsewhere[16]. LabView 16 was used to program the control system
and to record process data.
Feed solutions were prepared by adding BSA and BSA labeled with Alexa Fluor 647 in a
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20:1 ratio to 1× PBS buffer solution to achieve a concentration of 15 mg/L. Membranes were
wetted in DI water before loading into the cell and then preconditioned by operating the system
with PBS buffer for 15 min. The velocity (0.25 m/s, Re = 800) and flow direction relative to the
surface patterns was kept constant for all experiments. Figure 4.2 shows the flow direction.
Solution temperature was 23 ± 1°C and TMP values ranged from 3.2 to 3.8 bar to give the same
initial flux of 414 ± 1 L/m2/h for each membrane tested. Flux data were collected every minute
for patterned and as-received membranes. Samples for visualization were collected at different
filtration times ranging from 10 s to 30 min. Three samples were collected for each filtration
time. After filtration, all membranes were stored at -18°C prior to visualization by confocal
microscopy. BSA rejection of as-received and patterned membranes was calculated using Eq.
[1].
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =

(𝐶𝐶0 −𝐶𝐶)
𝐶𝐶

(4.1)

× 100%

C0 and C are the concentrations of BSA in feed and permeate solutions. BSA concentrations
were measured by UV spectrophotometry (U-2000, Hitachi Co., Japan) at a wavelength of 280
nm.

Figure 4.2. Illustration of the flow direction relative to the surface patterns.
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4.2.4. Membrane characterization
4.2.4.1.Characterization of mesh stamps and patterned membrane surface
morphologies
A laser measuring microscope system (LEXT OLS4000 3D, Olympus Corporation, Tokyo,
Japan) was used to analyze the woven mesh and the patterned membrane surfaces. Depth, width,
and length of pattern features were measured using LEXT. Images were taken with a 405 nm
laser source and a 20× objective lens (MPLFLN20X) with a numerical aperture of 0.45.
BET surface area, pore diameter, and pore volume of as-received and patterned membranes
were measured by nitrogen adsorption-desorption isotherms using a Quantachrome Autosorb iQ
Gas Sorption Analyzer. Brunauer – Emmet – Teller (BET) analysis was performed using
Quantachrome® ASiQwin™ software, version 5.21.
Zeta potentials were measured using a SurPASS electrokinetic analyzer (Anton-Paar
GmbH, Graz, Austria) as described elsewhere[15]. Briefly, dry membranes with the active layer
facing each other were mounted on a SurPASS adjustable-gap cell, washed with DI water for 1
min and then with 0.1 M potassium chloride at pH 3. The pH was increased by adding 0.1M
sodium hydroxide solution.
Water contact angles were measured using a Krüss DSA 10-Mk2 contact angle
goniometer. Measurements were taken 30 s after a water drop (~3 μL) was placed on the surface.
They were taken at three locations on each membrane. To determine contact angle, the sessile
drop model was used in DSA version 1.80.0.2 Drop Shape Analysis software.
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4.2.4.2. Visualization of membrane fouling by confocal microscopy
A Leica Microsystems (Buffalo Grove, IL, USA) SPE CLSM with an ACS Apo IMM
20× objective (numerical aperture = 0.6) was used in fluorescent mode for all fouling studies. An
He-Ne laser (647 nm) and an Ar laser (488 nm) were used for excitation. The detection
conditions were held constant (laser intensity of 14.99% for the He-Ne laser and 14.05% for the
Ar laser, detection gain: 800, pin hole size: 94.3 μm, pixel dwell time: 1.44 μs) to allow direct
comparisons among CLSM images. No digital zoom was used while taking images. CLSM was
used to collect a series of lateral x–y images at different focal depths. Depending on the well
depth of the patterns, a series of 10-15 images were produced by taking images from the surface
of the membrane (Z = 0) to the well depth of the patterns (Z = 11 ± 3 μm). This z-series stack of
images was used to create a 3-dimensional reconstruction of the membrane and to measure the
mass of accumulated foulant using a calibration between fluorescence intensity and mass per unit
area (vide infra).
Images were analyzed with NIH ImageJ software. Foulant was assigned a pixel intensity of
zero (black), and membrane material was assigned an intensity of 255 (white). From black and
white images, relative intensities of foulant on membrane surfaces were calculated.
4.2.5. Calibration curve preparation
A calibration curve was created to measure labeled BSA surface concentrations. Solutions
containing BSA Alexa Fluor 647 (in a 1:20 ratio with non-labeled BSA) were filtered through a
GE HL nanofiltration membrane. Knowing the mass of protein per unit area exactly is necessary
to build the calibration curve; therefore, nanofiltration membranes were used to ensure 100%
protein rejection. Post-filtration, three samples from each membrane were visualized by CLSM.
The average fluorescence intensity of the sample surfaces was determined by lateral x–y scans.
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A calibration plot was prepared relating the average fluorescence intensity to the known mass of
BSA Alexa Fluor 647 per unit area of membrane. .

4.3.

Results and discussion
4.3.1. Membrane patterning

One aim of the study was to uncover an inexpensive stamp for patterning. We identified
woven mesh fabrics as one option, and discovered that patterning with the fabrics produced a
herringbone pattern. Thus, we selected the stamp and the stamp determined the pattern.
Ultrafiltration membranes were patterned using woven mesh stamps (Figure 4.3) for the first
time. Embossing process parameters (T, P) were studied to identify conditions replicating the
mesh patterns with high fidelity. Figure B-2 in Supporting Information shows representative
LEXT images of membranes patterned at different conditions.

Figure 4.3. (A) Woven mesh and (B) patterned membrane images produced by LEXT using the 20X objective. The
average dimensions of the mesh features are 130 ± 2 (s.d.) μm by 52 ± 3 μm with average fiber height of 30 ± 2 μm.
The average end-to-end feature dimensions on the membrane are 100 ± 6 μm by 34 ± 3 μm, with average depth of
19 ± 2 μm. The common scale bar for images is 100 μm.

Embossing was done at three temperatures below Tg of the polyester woven mesh (80°C)
to avoid deformation of the mesh stamp, which also were well below the melting point of PVDF
(160°C), as recommended in other studies[14,24]. The experiments show that temperature is a
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key parameter influencing the patternability of membranes, particularly at lower embossing
pressures. Figure 4.4a shows that average pattern feature depth increases with increasing
temperature and generally increases with increasing pressure.
Pure water permeabilities were measured for the same membrane before and after patterning
to assess its effect on water transport. The results in Figure 4.4b show that membrane
permeability increased or remained constant by patterning at low pressure (≤4.4 MPa) and
decreased by patterning at the higher pressures. We hypothesized that the increase in
permeability at low patterning pressure results from increasing surface area following
embossing; whereas, the decrease in permeability at higher pressures is likely due to surface
pore-sealing of the membrane active layer due to compression. The latter part aligns with
Pendergast et al. [37], who previously proposed that changes pore size of supports due to
compaction could explain changes in permeability. At 4.4 MPa the flux was unchanged,
suggesting that any membrane deformation that has occurred was compensated by the increased
surface area for transport. To test this hypothesis, we performed BET nitrogen adsorption
experiments to measure specific surface area and porosity for as-received and patterned PVDF
membranes. Table 4.1 presents the results showing values for membranes patterned at 65°C and
3.55 MPa, which experienced a 17% increase in permeability, and patterned at 65°C and 17.23
MPa with 30% permeability decreases. The results shows that the nominal surface area increased
11% after patterning, pore diameter increased 5%, and pore volume decreased 7% for low
pressure patterning (3.55 MPa). These results support the first part of the hypothesis that the 17%
increase in permeability for membranes patterned at low pressure (3.55 MPa) likely is
attributable to increased surface area. They also illustrate the competing effects of increased
surface area and decreased pore volume. On the other hand, the 75% increase in surface area
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after patterning, 24% decrease in pore diameter and 65% decrease in pore volume for high
pressure patterning (17.23 MPa) supports the second part of hypothesis that the 30% decrease in
permeability is due to surface pore-sealing of the membrane active layer.

Figure 4.4. Effect of thermal embossing temperature and pressure on (a) average pattern feature depth and (b)
normalized water permeability (relative to as-received membrane permeability). Feature depths were measured
using LEXT with a 20X objective. Error bars represent ±1  for three membrane samples.

Table 4.1. BET analysis data
Membranes

BET surface area
(m2/g)

Pore diameter
(nm)

Pore volume
(cc/g)

As-received Membrane

5.76

20.1

7.79×10-3

Patterned Membrane
65°C, 3.55 MPa

6.43

21.2

7.21×10-3

10.13

15.1

2.75×10-3

Patterned Membrane
65°C, 17.23 MPa

Maruf et al. [24] reported that using a pressure higher than the yield strength of porous PVDF
membranes produced optimum patterning on the membrane surface. To test whether this
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principle applies to patterning by polymeric mesh stamps, we measured the yield strength of the
PVDF membranes from stress-strain curves [24] collected at a 0.01 s-1 strain rate. Table 4.2
summarizes the yield strength values. Figure 4.4a shows no clear evidence of improved
patternability by changing pressure from just below yield strength to just above it. However,
Figure 4.4b shows that membrane permeability begins to decrease significantly as the patterning
pressure approaches and exceeds yield strength. This finding provides additional evidence that
surface pore sealing contributes to the loss of membrane permeability at higher embossing
pressures.
Table 4.2. Offset yield strength of the PVDF membranes. Each value represents the mean calculated from
measurements on three samples, and the errors represent ±1 ơ.

Temperature (°C)

Yield Strength (MPa)

25

5.11 ± 0.12

45

5.01 ± 0.24

65

4.39 ± 0.44

The stability of patterns was studied by LEXT imaging of membrane surfaces before and
after 2 h of pure water filtration. Feature stability depends on irreversible deformation. Figure B3(c) shows that the average pattern feature depth decreased by 20-30%. This finding is consistent
with the results from Idarraga-Mora et al.[38], who studied the deformation of nanocomposite
membrane supports upon compression. They observed that only ~20% of the initial deformation
was reversible for Matrimid supports that were subjected to a compressive stress of 1.2 MPa. We
attribute the 20-30% decrease in feature depth to this reversible contribution to deformation.
Finally, measurements were performed to assess the robustness and reusability of woven
mesh stamps, as reuse would be required for roll-to-roll processing[27]. Figure 4.5 shows
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average pattern feature dimensions for membranes that were patterned up to 10 times at 65°C
and 3.55 MPa with the same mesh stamp. Average values were calculated from LEXT images of
patterned membranes (Figure B-4) and paired t-tests were done to compare feature dimensions of
patterned membranes after the first and tenth use. Results of the statistical tests are given in
Table S1. Average values for depth, width, and length of pattern features were statistically the
same at 95% confidence, which suggests that the polyester woven mesh can be reused as a
stamp.

Figure 4.5. Average pattern feature dimensions for membranes that were patterned with the same mesh stamp up to
10 times at 65°C and 3.55 MPa. Measurements were made using LEXT with a 20X objective. Error bars represent
±1 ơ from measurements on five pattern features.

4.3.2. Flux decline measurements
Membranes for BSA filtration studies were patterned at 65°C and 3.55 MPa, which produced
membranes with high pattern fidelity and enhanced permeability. The BSA rejection increased
from 96.2 ± 0.8 (s.d.) to 98.2 ± 1.0%; however, this increase is not statistically significant at 95%
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confidence. Figure 4.6 shows flux versus time data collected for filtration of 15 mg/L BSA
solution by as-received and patterned membranes. The starting pressures were adjusted to
produce the same initial permeate flux for all experiments. This procedure allows direct
comparison of results because it ensures that the initial rate of foulant transport to the surface is
the same. The flux declined monotonically, with a lower rate for patterned membranes. We
performed a model-based analysis of the data to postulate the most likely fouling mechanism(s).
We theorize such an analysis of the flux decline data combined with CLSM visualization data
can improve our understanding of how membrane patterning influences fouling.

As-received membrane
Patterned membrane

Flux (LMH)

400

300

200

0

50

100

150

Time (min)

Figure 4.6. BSA fouling tests. The initial flux was 414 ± 1 LMH for both samples. Error bars represent ±1 ơ among
three samples.

One approach is to analyze these data is to replot them on a logarithmic scale of d2t/dV2 versus
dt/dV, where V is the cumulative permeate volume. Field et al.[26] revised this Hermia model
approach for crossflow filtration by including a term that considers foulant removal.
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𝑑𝑑2 𝑡𝑡

𝑑𝑑𝑑𝑑 2

𝑑𝑑𝑑𝑑 𝑛𝑛

(4.1)

= 𝑘𝑘 �𝑑𝑑𝑑𝑑�

In Eq. (4.1), parameter n depends on the fouling mechanism. Figure B-4(a) in Appendix B was
used to determine that n = 1.0 (intermediate pore blocking) for the patterned membrane over the
entire 2 h filtration run. In Figure B- 4(b) for as-received membranes, we observed a linear
relationship with n > 2.0 in the early stage of filtration (first 20 min), suggesting that initial
protein deposition did not block or seal pores[127]. Thereafter, the slope reached n = 2.0,
suggesting a complete pore blocking mechanism. After 35 min of filtration, the slope changed to
n = 1.1 for a short duration, indicating an intermediate pore blocking mechanism. At later times,
d2t/dV2 reached a maximum. Ho and Zydney [25] indicate that the maximum occurs when more
than 90% of membrane surface is covered by protein aggregates, after which cake filtration
becomes the dominate mechanism and the d2t/dV2 value decays to a constant value (n = 0).
Before reaching the constant value, the negative slope on the plot reflects the transition between
pore blocking and cake filtration where a large reduction occurs in the flux decline rate [40]. The
results of the flux decline measurements and data analysis are consistent with numerous other
studies that have shown how patterning with micron-scale features can reduce fouling[38,71,90].
Some of the reasons for the decreased fouling propensity include increased shear stress on the
apex regions of patterned membranes, vortex formation in regions of the pattern valleys, and
selective particle accumulation in the valleys during the initial stage of fouling [11,16,38,66].
4.3.3. Visualization of membrane fouling by CLSM
CLSM was applied to visualize and characterize fouling, especially early stage fouling where
interactions between the foulant and membrane can be studied. Qualitative and quantitative
spatiotemporal data on foulant accumulation were obtained by CLSM. For quantitative data,
intensity of images was measured by ImageJ software. Figure B-5 presents the calibration curve.
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The areal mass of BSA on the membrane surfaces at different filtration times was determined by
applying the calibration curve to the intensity profile. Previous studies have combined flux
decline measurements with quantitative visual analysis of CLSM images to better understand
protein fouling [129]. Here, we used this combined method to study the location and extent of
BSA fouling on membranes patterned with a herringbone geometry. Such knowledge can be
used to design membranes that inhibit fouling or otherwise direct foulants to deposit selectively
in regions that minimize loss of flux.
4.3.4. CLSM analysis of early stage fouling
Membranes and BSA were labeled with different fluorophores. Therefore, we were able to
use CLSM to image the membrane surface (green) and BSA (red) simultaneously. Figures 4.7
and 4.8 show the fouling profile images of BSA at eight different filtration times on patterned
and as-received membranes. Images are presented as overlay compilations of lateral x–y images
taken at depth increments of 1.23 μm from the membrane surface (Z = 0) to the bottom of the
pattern (Z = 11 ± 3 μm). Compiling these images was necessary to enable the direct comparison
of measured intensities (areal protein masses) for as-received and patterned membranes.
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Figure 4.7. Fouling profile images of BSA at eight filtration times on the surface of a patterned membrane. Scale bar
is 50 μm.

Figure 4.8. Fouling profile images of BSA at eight filtration times on the surface of an as-received membrane. Scale
bar is 50 μm.

Figure 4.9 shows quantitative analysis of the CLSM images shown in Figures 4.7 and 4.8 for
as-received and patterned membranes at different filtration times. These images provide
complimentary insights to the flux decline data on fouling mechanism. Specifically, they show
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that the protein immediately starts to accumulate rapidly on the membranes at pH 7, due to
favorable hydrophobic interactions between the PVDF and BSA[6,45], as well as the presence of
positively charged domains (lysine, histidine) on the BSA surface [46] – the membrane surface is
charged negative at pH 7.0 before and after staining, and the membrane surface is hydrophobic
before and after staining (Table 3). The rate of fouling is highest at the onset of filtration and
then decreases with time as BSA accumulates on the membrane surface, which remains
negatively charged [47]. This transient fouling rate is consistent with previous studies.
Rodenhausen et al. [48] found that the initial rate is highest as BSA is in contact with excess
sorption sites and then decreases as binding sites are occupied by adsorbed BSA. Phan et al.[46]
studied BSA adsorption on self-assembled monolayer surfaces. Using spectroscopic
ellipsometry, they measured the equilibrium BSA uptake to be 0.23 μg/cm2 on a negatively
charged, hydrophilic surface and 0.10 μg/cm2 on a neutral, hydrophobic surface at pH 6.7. Based
on the approximate dimensions of BSA in aqueous solution, they concluded that BSA was
arranged as a monolayer on these surfaces. Assuming monolayer coverage on our negatively
charged, hydrophobic surface to be between 0.10 and 0.23 μg/cm2, our intensity measurements
suggest that it takes from about 3 to 70 min to form a monolayer of BSA on the as-received
membrane and from about 30 to 90 min on the patterned membrane.
Table 4.3. Membranes surface characteristics. Each value represents the mean calculated from
three measurements per sample, and the errors represent ±1 σ.
Membranes

Contact Angle

Zeta Potential (mV)

As-received Membrane

98±5

-40±3

Stained Membrane

85±3

-80±9

Patterned Membranes

89±1

-
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As discussed earlier, Ho and Zydney [40] showed that cake layer formation begins when
approximately 90% of the surface is covered with protein aggregates comprising chains of BSA
molecules formed by intermolecular disulfide bonds [49]. Applying their finding to the current
set of flux decline data, it appears that the as-received membrane surface is mostly covered by
BSA aggregates after 90 min (i.e., where d2t/dV2 reached a maximum). While this finding is
slightly different from the CLSM intensity measurements that showed monolayer coverage from
3 to 70 min, a primary difference between these characterization methods is that CLSM
visualizes and quantifies accumulation of protein (including protein monomers) on the
membrane surface; whereas model-based analysis of flux decline data is based on pore blocking
(largely by aggregates). Previous studies [50] have shown that the fouling occurs on more than
just the membrane pores. Thus, while the Hermia model can provide some information about the
fouling mechanism(s) using simple mathematical expressions [51], it does not give details about
the onset of fouling when pore blocking is insignificant.
Models that describe fouling often assume that a single mechanism prevails throughout the
entire duration of filtration[133] or fail to describe early stages of fouling. For example, as
discussed above, the Hermia model provides no mechanistic insights on the early stages of
filtration [127] where steep slopes (n>2) in Figure B-4 were observed. Such models serve as a
useful tool to assess flux decline data for further mechanistic studies; however, complementary
tools are needed to understand early stages of fouling. Using CLSM imaging in this study
provided a greater level of detail for the early stage (pre-monolayer) fouling than could be
deduced from flux decline measurements; it revealed high rates of initial fouling due to protein
adsorption and demonstrated that this rate was different for as-received and patterned
membranes. Given that the test conditions were the same, it appears that differences in
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hydrodynamics at the two membrane surfaces influenced the rate of attainment of BSA
monolayer coverage and delayed the onset of pore blocking.

80

0.20

Patterned Membrane
As-received Membrane

0.18

Intensity

0.14
0.12
0.10

40

0.08
0.06

20

µg BSA/cm2

0.16

60

0.04
0.02

0

0

0.00
200 400 600 800 1000 1200 1400 1600 1800 2000

Filtration time (s)
Figure 4.9. Intensity and areal mass values for CLSM images presented in Figures 4.7 and 4.8. Each point represents
a different membrane sample. Error bars represent ±1  on three images from each sample.

4.3.5.

Visualizing spatial deposition of foulant

CLSM also provided qualitative information on the location of BSA deposition during early
stages of fouling. Figure 4.10 shows lateral x–y stacks for 2 min filtration at different depths
from the membrane surface. (Figures B-7 -B-13 show the fouling profiles for other filtration
times.) Accumulation of BSA is greatest at the membrane surface for all filtration times. By
embossing the membrane surface with recessive features, shear stress can be expected to increase
within the recessions by creation of local vortices [36,44,134]. On such a surface, bulk and
vortex streamlines develop, and the velocity profile in the recessions will depend strongly on the
crossflow velocity[11]. Choi et al. [36] observed in their CFD study that for small particles such
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as BSA (dimension: 140 × 40 × 40 Å), moving from bulk to vortex streams is difficult, resulting
in a reduction of deposited particles inside the recessions. We believe this is the cause for the low
degree of BSA fouling observed within the pattern recessions. Won et al.[50] studied fouling of
membranes with prism patterns and observed that vortex streams that develop in the valley
between pattern features enabled particles to escape from the valley back to the bulk stream. In
the absence of a vortex stream or where it was diminished, particles deposited in the valley to
permeation drag. For mitigating particle deposition in the valley regions, they developed new
patterns by introducing flat interval regions (400 and 800 μm) between prism features. These
regions enhanced the vortex stream and reduced particle deposition. Based on their study, we
theorize that the long (100 μm) valley regions of our hemi-ellipsoid pattern structure further
limits the amount of protein fouling within these regions. Work is underway to understand how
the herringbone pattern of the hemi-ellipsoid recessions influences vortex development and shear
stress profiles inside the recessions and at the surface.
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Figure 4.10. Confocal images after 2 min filtration of BSA solution. Images are shown for patterned membrane
(green) and BSA foulant (red) at different depths from the surface (Z = 0). For better observation by the reader, light
corrections (Brightness: +40% and Contrast: -40%) were applied to the images. The common scale bar is 50 μm.
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4.4.

Conclusion

This study introduced a new membrane surface patterning strategy using woven mesh fabric
stamps that is capable of patterning large membrane areas while retaining or even increasing
membrane permeability. Increased permeability at low patterning pressures was found to
correlate with increased surface area. This study also validated the reusability of the woven mesh
stamps, which is important for their use in continuous roll-to-roll patterning. Flux decline
measurements and visualization experiments using confocal laser scanning microscopy provided
spatiotemporal information that was needed to understand the fouling behavior of protein
solutions on as-received and patterned membranes. This combined approach provided insights on
the fouling mechanisms from the earliest stages of fouling, dominated by protein adsorption, to
later stages, dominated by cake layer formation; and revealed differences between the
membranes. The results demonstrated that introduction of a herringbone pattern on the surface of
PVDF ultrafiltration membranes significantly reduces protein fouling relative to as-received
membranes. Extending the approach to other patterns and multicomponent solutions is expected
to inform surface modification strategies used for the control of biofouling.
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CHAPTER FIVE

EVALUATING THE EFFECTIVENESS OF MICROSCALE HERRINGBONE PATTERNS
FOR REDUCING PROTEIN FOULING ON ULTRAFILTRATION MEMBRANES BY INSITU VISUALIZATION

5.1.

Introduction

Proteins can cause severe fouling for water treatment and other applications[135–137]. One
of strategies to combat fouling is the physical modification of membrane surfaces [18,92].
Membrane patterning can be applied during membrane fabrication and post-fabrication.
Patterning during membrane fabrication can be done by casting the dope solution into a master
mold[13], by casting the active layer of a composite membrane onto a patterned support[14], or
by using 3D printing technology [15]. Post-fabrication patterning can be accomplished by
thermal embossing [16] or using 3D printing technology to print the patterns onto a membrane
surface[15]. Different research groups have investigated different pattern shapes and sizes. Lee et
al.[99] and Won et al.[20] both designed microscale prism patterns. Jang et al.[84] studied both
nanometer-and micrometer-scale patterns achieved through nanoimprint lithography. Zhou et
al.[100] investigated several line-and-groove patterns, rectangular and circular pillars, and
pyramids within the nanometer- to micrometer-scale range. Ling et al.[101] studied micro-scale
pillars on RO membranes. Irregular shapes such as sharkskin mimetic patterns also have been
investigated for improving biofouling resistance[36].
In Chapter 4 [62], I introduced a new membrane surface patterning strategy using woven
mesh fabric as a stamp. This strategy is capable of patterning large membrane areas while
retaining or even increasing membrane permeability. The results showed that introduction of a
herringbone pattern on the surface of PVDF ultrafiltration membranes significantly reduces
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protein fouling relative to as-received membranes. We theorized that the pattern geometry would
affect the fouling. However, uncovering the protein fouling mechanism(s) on membrane surfaces
is difficult due to the complexity of the fouling process[138]. Understanding the fouling
mechanism and effectiveness of strategies to combat fouling require non-invasive measurement
techniques. Typically, flux decline or permeability recovery after cleaning cycle are used as
indirect measures to characterize membrane fouling[139]; however, these methods cannot unfold
the complexity of early stages of fouling. In Chapter 4 [140], I described how confocal laser
scanning microscopy (CLSM) was used as a non-invasive method to provide insights on the
fouling mechanisms from the earliest stages of fouling dominated by protein-membrane
interactions to later stages dominated by cake layer deposition. Marroquin et al.[42] provide a
rather comprehensive overview on the use of CLSM for membrane characterization, including
the characterization of membrane fouling. Of note, CLSM can produce 3D images of fouled
membranes and even distinguish different foulants by labeling them with different fluorophores.
Won et al.[43] used CLSM for fouling visualization and they stained membrane and foulant with
different fluorescent dyes to observe the exact location of foulant deposition on the membranes.
Of special relevance to my work, CLSM can be used for evaluating wet samples and in situ for
monitoring transient fouling behavior in real time. Huang et al.[45] developed a new highpressure optical membrane module for in-situ observation of bacterial deposition onto RO
membranes. Yoo et al.[46] adopted this in-situ observation method to visualize the colloidal
fouling on Sharklet®-patterned membranes. In my work, CLSM is used to characterize fouling
on patterned membranes.
The combination of experimental CLSM measurements and computational simulation offers
additional insights on fouling behavior. Lee et al.[11] combined fouling visualization of flat and
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patterned membranes using CLSM with simulation studies to explain the local flow
characteristics around the membrane surface. Choi et al. [9,44] fabricated an RO membrane with
Sharklet® patterns using a layered interfacial polymerization method, and the antifouling
mechanism of the Sharklet-patterned membrane was elucidated by flux decline measurements
and simulations.
In this chapter, I describe the findings of my research to study the protein fouling profiles on
as-received and patterned membrane surfaces measured in situ using CLSM. The proteins and
membranes were stained with different fluorescent probes, allowing the spatiotemporal imaging
of protein accumulation at the early stage of fouling. CLSM images were compared with
filtration data to uncover insights on the fouling mechanisms and revealed the effect of pattern
geometry on protein fouling.

5.2.

Experimental
5.2.1.

Materials

Polyester woven meshes with opening size of 32 μm (PM-E #450 polyester cloth), 15 μm
(PM-F 15 μm polyester cloth), and 7 μm (PM-F 7μm polyester cloth) were purchased from
Gilson Company, Inc. (Lewis Center, OH, USA). High-strength, high-temperature silicone
rubber sheets were purchased from McMaster-Carr (Robbinsville, NJ, USA). Ultrafiltration
membranes (Synder BN) were from Sterlitech (Kent, WA, USA). Bovine serum albumin (BSA,
9048-46-8) and sodium chloride (NaCl, 7647-14-5) were from MilliporeSigma (St. Louis, MO,
USA). BSA-Alexa Fluor™ 647 conjugate, 5-(4,6-dichlorotriazinyl) aminofluorescein (5-DTAF),
phosphate buffered saline (1× PBS buffer), and sodium carbonate powder (Na2CO3, 497-19-8)
were from ThermoFisher Scientific (Waltham, MA, USA).
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5.2.2.

Membrane preparation

Patterned membranes were prepared as described in detail elsewhere[140]. Briefly, woven
mesh fabrics with different feature sizes were used to pattern membrane coupons (5 cm × 1.3
cm) by embossing in a Carver press (model 3851-0, Wabash, IN, USA) using an applied pressure
of 3.55 MPa. Embossing was conducted for 15 min with temperature of 65 °C. Membrane
surfaces were activated by air plasma treatment (model PRC-32G, Harrick PLASMA, Ithaca,
NY) for 3 min at 14 ±1 Pa. The plasma-treated membranes were stained with 15 µg/mL 5-DTAF
in 100 mM Na2CO3 at 4°C for 24 h and then rinsed by soaking for 10 min in PBS to remove
unbound dye molecules.
5.2.3.

Patterned membrane surface morphology characterization

Feature sizes of woven meshes and patterned membranes were analyzed by laser measuring
microscopy (LEXT OLS4000 3D, Olympus Corporation, Tokyo, Japan) using a 405 nm laser
source and a 20× objective lens (MPLFLN20X) with a numerical aperture of 0.45. The
roughness profile feature was used to develop 3D images from sample surfaces. Figure 5.1
shows representative LEXT images of membranes patterned with different pattern geometries:
(I) patterned with stamp P007, (II) stamp P450, (III) stamp P015. To identify the direction and
size of pattern feature rows, we defined regions B and T in Figure 5.1 (IⅤ). For all experiments,
the flow direction was as shown in Figure 5.1.
5.2.4.

Membrane fouling characterization

A special cross-flow module was designed for the fouling characterization (Figure C-1 in the
Appendix C). The flow cell was purchased from Biosurface Technologies Corporation
(Bozeman, MT, USA). The body of the flow cell consists of anodized aluminum with size 16
tubing for input and output ports. The flow chamber is approximately 50×13×2.35 mm and is
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sandwiched between viewing windows; the bottom window is a standard 75×25×1 mm glass
slide, and the top is a 24×60 mm no. 2 cover slip. The flow chamber is held in place by a pair of
silicone rubber gaskets to provide a leak-proof seal (Figure C-2). The active area of the
membrane within the module is 6.5 cm2. Membranes were wetted in DI water before loading into
the cell. Solutions were introduced to the flow chamber by a double-barrel syringe pump (KDS
200, KD Scientific, Holliston, MA, USA). Before each fouling experiment, PBS buffer was
pumped through the system for 3 min. The cross-flow velocity in all experiments was 0.10 m/s
(Re = 230).

Figure 5.1. Membrane Surface Geometry Characterization. Membrane patterned with (I) stamp p007, (II)
stamp P450, (III) stamp P015. Images were produced by LEXT using the 20X objective. (Ⅳ) Illustration depicting
pattern feature measurements. (Ⅴ) Dimensions of herringbone patterns

Feed solutions comprised 15 mg/L BSA/BSA-Alexa Fluor 647 in a 20:1 ratio in 1× PBS
buffer solution. The wash solution was 15 mg/L BSA in 1× PBS buffer solution. The feed
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solutions were pumped through the flow chamber for 10 s, 5 min and 10 min. Next, the wash
solution was introduced at the same cross-flow velocity for 10 s to clear unbound BSA-Alexa
Fluor from the flow chamber prior to confocal microscopy. Figure C-3 shows the module design
for the cross flow process. Imaging was done using a Leica Microsystems (Buffalo Grove, IL,
USA) SPE CLSM with an ACS Apo IMM 10× objective (numerical aperture = 0.6). He-Ne (647
nm) and Ar (488 nm) lasers were used for excitation. Imaging conditions were the same as
described previously[140]. After each run, the flow cell was opened, the membrane between the
glass slide and coverslip was mounted onto the imaging plane, and a series of lateral x–y images
were collected at different focal depths. A series of 50-70 images was produced from the surface
of the membrane (Z = 0) to the well depth of the patterns (Z = 25 ± 3 μm). These images were
stacked to create a 3-dimensional view of the membrane, and NIH ImageJ software was used to
quantify the mass of accumulated foulant using a calibration between fluorescence intensity and
mass per unit area, as described elsewhere[140].

5.2.5. Flux decline experiments
Flux decline curves were measured using a custom filtration system [15] and the same feed
solution as that used for fouling characterization. Membranes were wetted in DI water, loaded
into the cell, and preconditioned by filtration of PBS buffer for 10 min. The velocity (0.1 m/s, Re
= 320) and flow direction relative to the surface patterns were held constant for all experiments
as showed elsewhere[140]. Temperature was 23 ± 1°C and transmembrane pressure (TMP)
values ranged from 3.0 to 3.5 bar to ensure the same initial flux of 400 ± 1 L/m2/h for each
membrane tested.
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5.3.

Results and discussion

In previous work, we identified woven mesh fabrics as a low-cost option for microscale
patterning ultrafiltration membranes. We discovered that patterning with the mesh produced a
herringbone pattern. The pattern could be varied by embossing with different woven meshes.
The overall aim of this study was to use a combination of experimental visualization experiments
and flux decline measurements to evaluate the effectiveness of different microscale herringbone
patterns for reducing protein fouling on ultrafiltration membranes.
5.3.1.

Visualization of membrane fouling by CLSM

Spatiotemporal protein fouling data were collected by CLSM experiments for PVDF
membranes patterned with different woven meshes. Using separate fluorophore labels for the
protein foulant and the membranes yielded three-dimensional CLSM images of membrane
surface patterns (green) and co-localized protein foulant (red). Because CLSM is a non-invasive
tool for studying the structure and fouling of membrane surfaces [141], we were able to collect
data in situ for analyzing the early stages of protein fouling in real time. All membranes in this
study had the same chemical properties, and crossflow velocity was held constant. Thus,
differences in fouling behavior can be attributed to differences in membrane surface
morphologies due to patterning.
Figure 5.2 shows the 3D images of BSA fouling on membrane surfaces at three different
times. Images were collected at three different locations of membrane coupons (close to the inlet
edge, middle, and close to outlet edge of membranes); however, no significant differences were
observed. In all cases, protein fouling was lower on patterned membranes than the as-received
membrane. After 10 min, the surface of the as-received membrane was covered fully with
protein, while patterned membrane surfaces were still visible. However, the degree of protein
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fouling was found to depend on the pattern structures. Protein accumulation was highest on the
P007 membrane, with the most severe fouling occurring in rows labeled as T (see Figure 5.1 IV).
For quantitative assessment of fouling profiles, 3D images of BSA fouling were developed for
three herringbone patterns and as-received membranes (Figures C-4 -C-7 in the Appendix C).
The areal mass of BSA on the membrane surfaces at different operation times was determined
using the established calibration curve. Figure 5.3 shows quantitative analysis of the CLSM
images for as-received and patterned membranes at different times. Images are given in
Appendix C for all three different patterning geometries. Protein accumulation on membrane
surfaces decreased in the following order: as-received > P007 > P450 > P015. P015 has the
largest groove area and P007 has the smallest groove area. In our previous study, pattern
fraction ratio (PFR) was defined as a quotient of line width to groove width for line and groove
pattern structure. For adopting a similar approach in this study, we define PFRx as the quotient of
area between grooves (a) and groove length (l) for one herringbone row (regions T and B).
Figure 5.4 shows correlation between threshold flux and PFRx.
𝑃𝑃𝑃𝑃𝑃𝑃𝑥𝑥 =

𝑎𝑎𝑇𝑇 + 𝑎𝑎𝐵𝐵

5.1

𝑙𝑙𝑇𝑇 + 𝑙𝑙𝐵𝐵
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Figure 5.2. 3D images of BSA fouling profile on patterned and as-received membranes at different
operating times. For better observation by the reader, light corrections (Brightness: +40% and Contrast: -40%) were
applied to the images. Scale bar is 100 μm.
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Figure 5.3. CLSM image intensity and areal mass values determined from stacked images presented in
Figures C-1 to C-4 of Supporting Information. Each point represents a different membrane sample. Error bars
represent ±1 ơ from two locations on each sample.
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Figure 5.4. Relationship between flux reduction and pattern fraction ratio. Error bars represent standard
deviation among three threshold flux measurements.

5.3.2. Flux decline measurements
Figure 5.5(a) shows the flux decline curves for crossflow filtration of 15 mg/L BSA solution
on as-received and patterned membranes. Pressures were adjusted to have the same initial
permeate flux for all experiments, which allows the direct comparison of fouling profiles. The
patterned membranes behave differently from as-received membranes. For patterned membranes,
an apparent steady-state operation was reached at about 60-70 min; whereas, the flux continued
to decline for as-received membranes. Steady state is where the rate of mass transfer from the
bulk to the membrane surface equals the back-diffusive mass transfer[142]. This result agrees
with the study by Lyu et al. [143] that showed patterned membranes reach steady-state operation
earlier due to changes the hydrodynamics near the membrane surfaces. Vortices developed at the
membrane surface cause slower growth of the fouling layer, which reaches a constant value at
the time of steady state[144]. This result agrees with our previous study that showed patterning
increases the threshold flux, which allows the steady state to occur at higher values of flux. The
rate of foulant layer growth is higher for as-received membrane. Figure 5.5(b) shows the
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average flux reduction for each membrane type, with as-received membranes experiencing the
largest decrease in the flux (55%) over the 2 h test run.

Figure 5.5. (a) Flux decline data for all four membrane types. (b) Average flux reduction over the 2 h test
runs for all membranes. Temperature was 22–23 °C, cross-flow velocity was 0.1 m s−1, and tested membrane area
was 6.37 cm2. The initial flux was 400 ± 1 LMH

The flux decline results correlate well with the confocal images. In the first 10 min of BSA
filtration, the as-received membrane is fouled most significantly, and the flux reduction is
greatest. Flux decline for patterned membranes follows the same trend as shown in Figure 5.3
for areal mass deposited. The findings also agree with numerous other studies showing that
patterning with micron-scale features can reduce fouling[38,44,71,90,105,145,146]. Won et al.
[50] studied particle depositions on prism patterned membranes with different geometries. Their
results show that most particle deposition will occur near the bottom of the valley region due to
permeation drag. Therefore, in their new designs, they changed the shape of the valley by cutting
off the bottom sharp edge of the valley; and particle deposition decreased significantly.

101

However, their results showed that particle deposition increases by increasing the valley length;
whereas, our results for oval grooves show that the fouling rate decreases by increasing the
length. For example, the lowest protein accumulation was observed for P015 patterned
membrane, which has the longest oval groves, measuring 152 μm. The confocal 3D images
support the relationship between oval length and fouling rate, as the protein accumulation (red
color) is highest on T row pattern features for P007, which have the shortest grooves. The
difference between these studies may depend on the angle between the direction of flow and the
patterns. Maruf et al.[58] studied the angle (ranges from 0°-90°) between the flow and the
patterns at the membrane surface. Their results showed that particle deposition increased by
decreasing the angle between the flow and patterns. Also, Gohari et al.[67] observed
significantly less particle deposition when the feed flow was perpendicular to the orientation of
patterned lines as compared to the parallel orientation.

5.4.

Conclusions

This study revealed the effect of herringbone pattern geometry on fouling of patterned
ultrafiltration membranes. Flux decline measurements and experimental visualization using insitu confocal microscopy showed that the fouling rate decreases by increasing the length of oval
grooves. Pattern ratio fraction calculations show that increasing the pattern ratio fraction leads to
higher flux reduction for filtration of protein solutions. Extending the visualization approach to
multicomponent solutions is expected to inform surface modification strategies used for the
control of biofouling. Additionally, implementation of CFD simulations in future studies could
be important to reveal the shear stresses and local flow behavior close to the membrane surfaces
for different herringbone pattern geometries.
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

6.1.

Summary and Conclusion

This dissertation advances knowledge on the roles played by surface patterning and foulant
chemistry on nanofiltration and ultrafiltration membrane performance.
Chapter 1 introduced patterning techniques and described the various techniques used to
characterize the structure and performance of patterned membranes.
Chapter 2 focused on the first phase of my investigation aimed at developing a better
understanding how patterning and foulant chemistry influence threshold flux for nanofiltration of
solutions containing colloidal foulants. I designed and built a home-made filtration set-up for
measurements using suspensions of silica nanoparticles (SiNPs) that I synthesized with four
different surface chemistries. Flux stepping measurements were made for as-received
membranes and membranes modified with a nanoscale line and groove pattern. A combined
intermediate pore-blocking and cake filtration model was applied to the experimental data to
assist with the quantitative determination of threshold flux values. The results show that
chemical interactions have a minor impact on threshold flux compared to physical patterning.
Patterning increased the threshold flux by 20-25% for all foulant types. Results from this phase
of my work demonstrate that physical surface modification can increase the fouling resistance of
membranes and increase threshold flux, and could allow water-treatment plants to capitalize
more fully on the pressure driving force and decrease the frequency of cleaning cycles.
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Chapter 3 reported on my investigation of the influence of pattern geometry on nanofiltration
threshold flux. I formed nanoscale line and groove patterns with different spacing dimensions on
NF membranes through thermal embossing. Threshold flux was determined by applying a
combined intermediate pore blocking and cake filtration model to the experimental data, as
described previously. I combined my experimental study with CFD simulations of our
collaborators Zuo Zhou and Dr. David Ladner to analyze the velocity streamlines and shear
stress profiles adjacent to the patterned membrane surfaces. Combined results showed that
increasing the pattern ratio fraction leads to higher threshold flux. I also analyzed the flux decline
data with modeling, which provided insights on the fouling mechanisms of colloidal particles on
these membranes. The results of this study can be extended to investigate the effect of pattern
geometry for other feature types such as herringbone, pyramid, and biomimetic patterns.
Chapter 4 reported the second phase of my project where I introduced a new membrane
surface patterning strategy using woven mesh fabrics as an inexpensive, widely available stamp.
This method is capable of patterning large membrane areas while retaining or enhancing
membrane permeability. This strategy is useful for commercial practice of membrane patterning
in a roll-to-roll process; therefore, I validated the reusability of the woven mesh stamps which, to
the best of my knowledge, were used for the first time to pattern membrane surfaces. I
discovered that patterning with the mesh produced a herringbone pattern. I demonstrated the
efficacy of using woven mesh fabric for patterning ultrafiltration membranes and combined flux
decline measurements and visualization experiments to elucidate the mechanism(s) of protein
fouling on the resulting microscale herringbone patterned membranes. Embossing process
parameters were studied to identify conditions replicating the mesh pattern with high fidelity.
Flux decline data using dilute protein were collected and analyzed to uncover transient fouling
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mechanisms on as-received and patterned polyvinylidene fluoride membranes. Confocal laser
scanning microscopy provided complementary, quantitative, spatiotemporal information about
protein deposition on as-received and patterned membrane surfaces. The combined approach
provided insights on the fouling mechanisms from the earliest stages of fouling, dominated by
protein adsorption, to later stages, dominated by cake layer formation; and revealed differences
between the membranes. This study contributes knowledge that is needed to inform the design of
patterned membranes with features that better mitigate fouling.
Chapter 5 proved that the herringbone pattern could be varied by embossing with different
woven meshes. The overall aim of this part of my study was to use a combination of
experimental visualization experiments and flux decline measurements to evaluate the
effectiveness of different microscale herringbone patterns for reducing protein fouling on
ultrafiltration membranes. The protein fouling profiles on as-received and patterned membranes
were in situ investigated using CLSM. Filtration data and 3D CLSM images were compared, and
this combined approach provided insights on the fouling mechanisms during the various stages
of protein fouling. Extending the approach to other patterns and multicomponent solutions is
expected to inform surface modification strategies used for the control of biofouling. Knowledge
generated in this study can be used to design membranes that inhibit fouling or otherwise direct
foulants to deposit selectively in regions that minimize loss of flux.
My research efforts improved our understanding of how surface patterning can be used to
mitigate fouling of nanofiltration and ultrafiltration membranes. The patterning appears to reduce
fouling by changing hydrodynamics at the membrane-fluid interface. It also can be made to
improve flux by increasing surface area through judicious selection of embossing conditions.
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6.2.

Recommendations
6.2.1. Patterned membrane fabrication

In chapter 3, I discussed the influence of pattern geometry of line and grooves on NF membrane
performance. The results show that more severe fouling is observed for membranes with higher
fractions of groove surface area. In Chapter 5, I studied the effect of herringbone pattern
geometry on UF membrane performance. The results show that more severe fouling is observed
for membranes with lower fractions of groove surface. The reason of opposite results for these
studies is still unclear and I propose a study to uncover the reason behind these phenomena.
To analyze the relationship between threshold flux and pattern geometry quantitatively, I defined
a pattern fraction ratio (PFR) as the quotient of line width (b) and groove width (a). The results
show that there is a linear correlation between threshold flux and the PFR. For designing the
ideal membrane geometry, I suggest a study to uncover a global set of structural parameters or
dimensionless parameters to allow direct comparisons among different pattern types and provide
information to guide pattern selection. I propose that different pattern types such as line and
grooves, sharklet, herringbone, and prisms on the same length scale be tested for a well-defined
feed solution. Correlations can be developed between structure/geometry and threshold flux/flux
decline that perhaps can be used to predict performance for new structures and geometries.
My other recommendation for patterned membrane fabrication is to use the woven meshes as
the stamp for roll-to-roll patterning. Hutfles et al. [76] patterned UF membranes using a roll-toroll process with a reusable, flexible polyetherimide(PEI) stamp. For doing so, the PEI stamps
were patterned using thermal embossing with an expensive Ni master mold. My suggestion for
solving this problem is to use woven mesh instead of PEI as the stamp. Figure 6.1 illustrates the
suggested roll-to-roll method. One can use a commercial rolling mill covered with the woven
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mesh on top of the membrane surface and the bottom roll can be a rotating heater. I am
recommending heating the membrane during patterning because as studied in Chapter 4,
temperature is a key factor that influences the quality of patterning. The pressure and roll gap can
be adjusted based on the thickness of the stamp and membrane.
Membrane’s chemistry is one of most important characteristics on membrane performance, I
am recommending to use membranes with different chemistries for patterning process with
woven meshes. Here, PVDF membrane were used for patterned membrane fabrication with
woven meshes.
6.2.2. Pattern stability on membrane surface
In chapter 4, I used woven meshes as stamps for the first time to pattern membranes. Thermal
embossing was used to pattern the membranes and embossing process parameters were studied
to identify conditions replicating the mesh patterns with high fidelity and to determine their
effect on membrane permeability. The stability of patterns on the membrane surface before and
after pure water filtration was studied for short time filtration. Firstly, I suggest studying the
stability of patterns for long time filtration process and secondly, I am suggesting to study the
effect of chemical cleaning agents on the stability of patterns. Chemical cleaning agents break
the interaction between foulants and membrane and react with foulant; however, they also can
influence the membrane surface[147].
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Figure 6. 1. Roll-to-roll patterning process.

6.2.3. Patterned membrane characterization
In chapter 5, I designed a flow chamber for in situ confocal microscopy to study the fouling of
patterned membranes. This original design did not allow permeate flow due to thickness of glass
slides. Subramani and Hoek [148] designed a crossflow membrane filtration module for direct
microscopic observation. Here, I am suggesting using a lens with high working distance to
enable confocal microscopes to be used as a tool to characterize the fouling of patterned
membranes with permeate flow.
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Appendix A

UNDERSTANDING THE ROLES OF PATTERNING AND FOULANT CHEMISTRY ON
NANOFILTRATION THRESHOLD FLUX
Supporting Information for chapter 2
[As published in the Journal of Membrane Science 597 (2020): 117746 with minor revisions]
Feed Solution Stability Study
To analyze SiNPs stability, we measured the hydrodynamic radius (Dh) of particles in the feed
solution (200 ppm SiNPs dispersed in DI water) before starting flux measurement experiments.
The light scattering analyses were performed every 3 s over the course of 5 min for each sample,
to determine values with uncertainties representing one standard deviation. Analyses were
thereafter performed every 30 min. Table S1 shows the result of Dh measurements. Pure, sugarterminated, and carboxylic acid-terminated SiNPs were relatively stable during the course of 2 h
flux experiments. Amine-functionalized SiNPs showed signs of aggregation.
Table A- 1. Feed solution stability by light scattering

Sample

Hydrodynamic diameter (nm)
Initial feed solution 30 min 60 min
Pure SiNPs
50 ± 1
50 ± 1 51 ± 2
Amine-terminated SiNPs
70 ± 3
89 ± 2 97 ± 1
Carboxylic acid-terminated SiNPs
58 ± 2
56 ± 2 63 ± 4
Sugar-terminated SiNPs
67 ± 3
64 ± 3 71 ± 1
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120 min
60 ± 3
104 ± 2
58 ± 2
71 ± 2
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Figure A- 1. Model fit for TMP and permeate flux profiles during the flux-stepping experiment for aminefunctionalized SiNPs using (a) as-received and (b) patterned membranes.
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Figure A-2. Model fit for TMP and permeate flux profiles during the flux-stepping experiment for sugarfunctionalized SiNPs using (a) as-received and (b) patterned membranes.
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Figure A-3. Model fit for TMP and permeate flux profiles during the flux-stepping experiment for pure SiNPs
using (a) as-received and (b) patterned membranes.
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(a)

(b)

(a)

(b)

Figure A- 4. AFM micrographs for patterned membrane after 20 minutes filtration of SiNPs (a) 50 LMH
below the threshold flux and (b) 50 LMH above the threshold flux (Common image scale is 400nm by 2µm by 2µm).
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Figure A- 5. Zeta potential of NF membrane (GE HL series). Error bars represent 95%
confidence.
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Appendix B

EVALUATING PROTEIN FOULING ON MEMBRANES PATTERNED BY
WOVEN MESH FABRICS
Supporting Information for chapter 4
[As submitted to the Journal of Membrane Science with minor revisions]

Figure B- 1. Apparatus for flux measurements. The system is designed to make constant-flux measurements.
System components: Feed tank (1), Chiller unit (2), 3-way valve (3), Feed micropump (4), Feed volumetric flow meter
(5), Feed pressure transducer (6), Differential pressure transducer (7), Membrane cell (8), Retentate pressure
transducer (9), Screw-down needle valve (10), Electrical valve control (11), Permeate mass flow meter (12), Drain
(13), Connector blocks(14 and 15), Analog output PCI device (16), Analog input PCI device (17), Computer with
LabView operating software (18).
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Figure B- 2. LEXT images of membranes patterned at different conditions. (A) T= 25˚C, P= 2.66 MPa; (B)
T= 45˚C, P= 2.66 MPa; (C) T= 65˚C, P= 2.66 MPa; (D) T= 25˚C, P= 3.55 MPa; (E) T= 45˚C, P= 3.55 MPa; (F) T=
65˚C, P= 3.55 MPa; (G) T= 25˚C, P= 4.4 MPa; (H) T= 45˚, P= 4.4 MPa; (I) T= 65˚C, P= 4.4 MPa; J) T= 25˚C, P=
10.42 MPa; (K) T= 45˚C, P= 10.42 MPa; (L) T= 65˚C, P= 10.42 MPa; (M) T= 25˚C, P= 14.82 MPa; (N) T= 45˚C,
P= 14.82 MPa; (O) T= 65˚C, P= 14.82 MPa; (P) T= 25˚C, P= 17.23 MPa; (Q) T= 45˚C, P= 17.23 MPa; (R) T= 65˚C,
P= 17.23 MPa. The scale bar in images A-O and Q is 200 μm and in P and R is 500 μm.
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Figure B- 3. LEXT images of patterned membranes (A) before filtration, (B) after 2 hr of pure water filtration,
(C) average pattern feature depth for patterned membrane before and after filtration.
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Figure B- 4. LEXT images of membranes patterned with same mesh stamp for (A) first time, (B) fifth time,
(C) tenth time.
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Hermia Model
To analyze the filtrate flux data, we replotted the flux decline results on a logarithmic scale of
d2t/dV2 versus dt/dV as obtained from the Hermia model equation (Eq. [1]). As Ho and Zydney
[1] described, the required derivatives were evaluated in terms of the filtrate flux.
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑

1

= 𝐽𝐽𝐽𝐽

𝑑𝑑2 𝑡𝑡

𝑑𝑑𝑑𝑑 2

(S1)
1

𝑑𝑑𝑑𝑑

= 𝐽𝐽3𝐴𝐴2 𝑑𝑑𝑑𝑑

(S2)

dJ/dt was evaluated numerically by differentiating cubic polynomials that were fit to the flux
versus time data of Figure 4-6. The n parameter of the Hermia model was obtained as the slope
on the log–log plot of d2t/dV2 versus dt/dV:
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Figure B- 5. Flux decline analysis for BSA filtration with (a) patterned and (b) as-received membrane.
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Figure B- 6. Calibration data relating fluorescence intensity to areal mass for BSA-Alexa Fluor™ 647
conjugate. The errors bars provide the corresponding standard deviation values.
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Figure B- 7. 3D orthogonal reconstruction of CLSM images: membrane after 10 s filtration of BSA solution.
Images are shown for patterned membrane (green) and BSA foulant (red) as a function of depth from the membrane
surface (Z = 0). For better observation by the reader, light corrections (Brightness: +40% and Contrast: -40%) were
applied to the images. The common scale bar is 50 μm.
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Figure B- 8. 3D orthogonal reconstruction of CLSM images: membrane after 20 s filtration of BSA solution.
Images are shown for patterned membrane (green) and BSA foulant (red) as a function of depth from the membrane
surface (Z = 0). For better observation by the reader, light corrections (Brightness: +40% and Contrast: -40%) were
applied to the images. The common scale bar is 50 μm.
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Figure B- 9. 3D orthogonal reconstruction of CLSM images: membrane after 30 s filtration of BSA
solution. Images are shown for patterned membrane (green) and BSA foulant (red) as a function of depth from the
membrane surface (Z = 0). For better observation by the reader, light corrections (Brightness: +40% and Contrast: 40%) were applied to the images. The common scale bar is 50 μm.
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Figure B- 10. 3D orthogonal reconstruction of CLSM images: membrane after 60 s filtration of BSA solution.
Images are shown for patterned membrane (green) and BSA foulant (red) as a function of depth from the membrane
surface (Z = 0). For better observation by reader, light corrections (Brightness: +40% and Contrast: -40%) were
applied to the images. The common scale bar is 50 μm.
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Figure B- 11. 3D orthogonal reconstruction of CLSM images: membrane after 5 min filtration of BSA
solution. Images are shown for patterned membrane (green) and BSA foulant (red) as a function of depth from the
membrane surface (Z = 0). For better observation by the reader, light corrections (Brightness: +40% and Contrast: 40%) were applied to the images. The common scale bar is 50 μm.
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Figure B- 12. 3D orthogonal reconstruction of CLSM images: membrane after 10 min filtration of BSA
solution. Images are shown for patterned membrane (green) and BSA foulant (red) as a function of depth from the
membrane surface (Z = 0). For better observation by the reader, light corrections (Brightness: +40% and Contrast: 40%) were applied to the images. The common scale bar is 50 μm.
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Figure B- 13. 3D orthogonal reconstruction of CLSM images: membrane after 30 min filtration of BSA
solution. Images are shown for patterned membrane (green) and BSA foulant (red) as a function of depth from the
membrane surface (Z = 0). For better observation by the reader, light corrections (Brightness: +40% and Contrast: 40%) were applied to the images. The common scale bar is 50 μm.
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Results of Statistical Tests
Table B- 1. Results of paired t-tests on average membrane pattern feature sizes comparing the first and tenth
use of the same woven mesh as a stamp.

Measured value

Two-tailed P value

Result

Depth

.007

Statistically significant*

Width

.019

Statistically significant

Length

< .001

Statistically significant

*Indicates there is strong evidence that the null hypothesis is incorrect (i.e., mean values are the
same).
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Appendix C

CORRELATION OF MEMBRANE FOULING WITH HERRINGBONE
PATTERN GEOMETRY:
IN-SITU VISUALIZATION AND MODELING
Supporting Information for Chapter 5

Cross-flow system
A custom cross-flow system for in-situ confocal microscopy was designed to test the
membranes. Figure C-1 shows a drawing of the system. The system includes a flow chamber
(described in the next section) with two membrane holders for parallel experiments. The testable
membrane area is 2.5 cm2 for each holder. Each line has the two plastic tanks for the feed, one
for labeled protein solution and one for regular protein solution. Each feed tank is used to fill the
syringes. After passing across the membrane in cross flow configuration, the solutions go to a
waste tank.

Figure C- 1. Apparatus of cross-flow experiment for in situ microscopy.
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Flow Chamber
A flow chamber was made by Biosurface Technologies Corporation to test the membranes.
Figure C-2 shows drawing of the flow chamber. The flow chamber includes the two membrane
holders and separate inlet and outlet for the feed solution. The chamber has four layers. The
layers from bottom to top include the chamber body with a window covered by a glass slide, two
silicone rubber layers to seal the glass window, and the flow chamber cover with a window
covered by a glass cover slide.

Figure C- 2. Design of flow chamber structure
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In-situ visualization
One limitation of confocal laser microscopy is the working distance between the lens and the
sample. For overcoming this challenge during imaging, the flow chamber cover is separated
from the body to decrease the distance between the lens and sample. Figure C-3 shows the
approach used for this challenge. For each imaging, the flow chamber cover and top silicone
rubber were removed and a cover slide were added on top the membrane for imaging.

Figure C- 3. In situ CLSM design
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Figure C- 4. CLSM images of BSA fouling profile at three operation times on the surface of P015 patterned membrane for intensity measurement. Scale
bar is 100 μm. For better observation by the reader, light corrections (Brightness: +40% and Contrast: -40%) we
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re applied to the images.

Figure C- 5. CLSM images of BSA fouling profile at three operation times on the surface of P450 patterned membrane for intensity measurement. Scale
bar is 100 μm. For better observation by the reader, light corrections (Brightness: +40% and Contrast: -40%) applied to the images
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Figure C- 6. CLSM images of BSA fouling profile at three operation times on the surface of P007 patterned membrane for intensity measurement. Scale
bar is 100 μm. For better observation by the reader, light corrections (Brightness: +40% and Contrast: -40%) were applied to the images
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Figure C- 7. CLSM images of BSA fouling profile at three operation times on the surface of as-received membrane for intensity measurement. Scale bar
is 100 μm.
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